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HOW DO THEY DO IT? USING OMICS APPROACHES TO EXPLORE METABOLIC
RESPONSES ASSOCIATED WITH HYPOXIA AND EXERCISE TOLERANCE IN THE
DEEPEST DIVING PINNIPED
Abstract
By Elizabeth R. Piotrowski
University of the Pacific
2022
Marine mammals such as northern elephant seals (NES) routinely experience hypoxemia
and ischemia-reperfusion events to many tissues during deep dives with no apparent adverse
effects. Adaptations to diving include increased antioxidants and elevated oxygen storage capacity
associated with high hemoprotein content in blood and muscle. Despite experiencing decreased
oxygen tensions during diving, NES likely rely on the mobilization of large lipids stores and
catabolism of fatty acids to provide energy to exercising muscle while diving. To identify potential
regulatory mechanisms that may underly hypoxia and exercise tolerance in diving mammals, this
study used system-wide approaches to characterize changes in genes and proteins in two
metabolically active tissues (skeletal muscle and blubber) and whole blood of NES over
development and in response to translocation. Specifically, this study profiled muscle and blood
gene expression associated with regulation of oxidative stress and inflammatory pathways in
weaned pups, juveniles, and adult NES as well as evaluated muscle and blubber transcriptomic
and proteomic responses to swimming and diving in juvenile NES. I found that expression of
genes associated with mitochondrial biogenesis (PGC1A, ESRRA, ESRRG), immune system
activation (HMOX2, IL1B, NRF2, BVR, IL10), and protection from lipid peroxidation (GPX4,
PRDX6, PRDX1, SIRT1) increased over postnatal development in muscle and whole blood of
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NES, providing a potential ontogenic mechanism for increasing diving capacity and hypoxia and
ischemia-reperfusion tolerance. I also found that expression of genes and abundance of proteins
associated with lipid transport (APOD, ABCA6, ABCA8, ABCA10, CD1E), lipid catabolism
(ADIPOQ , ENPP6), and adipogenesis (DLK1, ADIRF,) increased, while those associated with
insulin sensitivity and energy expenditure (APLN, VGF) decreased in response to swimming and
diving in juvenile NES blubber and muscle, suggesting potential mechanisms for fuel provisioning
to muscle during exercise in hypoxic conditions. Together, these data provide insights into gene
activity in muscle, blubber, and blood cells that may provide hypoxia tolerance and regulate energy
homeostasis and exercise performance during breath holds in diving mammals.
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CHAPTER 1: INTRODUCTION

Air-breathing marine vertebrates include a diverse group of animals from sea snakes to
sea otters. Despite their taxonomic origin or life histories, these animals encounter similar
fundamental constraints of a marine environment, including lack of oxygen during breath-hold
diving and increased pressure with depth. Deep-diving mammals routinely and frequently
experience extreme fluctuations in blood flow known as “ischemia and reperfusion” and reduced
oxygen tensions known as “hypoxia” while diving, foraging, and sleeping on land that would
normally cause severe injury if not death in humans and other terrestrial animals (Meir et al.,
2009). However, deep-diving mammals do not sustain any injuries associated with these
conditions (Allen and Vázquez-Medina, 2019; Figure 1).
Marine mammals have evolved a remarkable array of physiological adaptations that
enable them to perform optimally while diving, such as enhanced blood and tissue oxygen stores
that allow deep dives and extended submergence while maintaining aerobic metabolism
(Ponganis, 2011). Marine mammals can optimize the use of their onboard oxygen supply
through various physiological adjustments that characterize the dive response, which includes
bradycardia, constriction of blood vessels in the periphery of the body, and apnea (or breath
hold). At extreme pressures, animals are also known to undergo lung collapse, which reduces
pulmonary gas exchange at depth and helps prevent pressure-related complications, such as
decompression sickness or the bends (McDonald and Ponganis, 2012). Moreover, many marine
mammals produce a large amount of pulmonary surfactant (a mixture of lipids and proteins in
the lung) that aids in reinflation of the lung after diving to depths beyond lung collapse
(Gutierrez et al., 2015). Marine mammals also rely heavily on their lipid-rich blubber to adjust
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energy intake and efficiently regulate energy expenditure while diving (Davis, 2014), although
the mechanisms that regulate fat catabolism under hypoxic conditions are not fully understood.
The northern elephant seal (Mirounga angustirostris; NES), which is easily accessible at
coastal rookeries and amenable to field sampling, is an exceptional diver among pinnipeds (i.e.,
seals, sea lions, and walrus), as they are the deepest and longest diving pinniped in North
America. Specifically, NES spend more than 90% of their time submerged at sea, diving
repeatedly for up to 90 minutes in duration and depths over 1700 m (Robinson et al., 2012).
They also have some of the highest reported mass-specific blood volumes and whole-body
oxygen stores among mammals (Kooyman and Ponganis, 1998), which enable greater breathhold capacity and longer dive durations (Hassrick et al., 2010). Yet, more than half of the blood
O supply in NES is depleted during routine dives (Meir et al., 2009). Despite experiencing
2

decreased oxygen tensions during diving, NES have been shown to rely primarily on aerobic
processes to meet the energetic demands of diving specifically, the mobilization of large lipids
stores and catabolism of fatty acids as a source for metabolic fuel (Kjeld et al., 2018; Figure 2).
Therefore, NES, are an ideal system in which to investigate mechanisms underlying the role of
fat stores in fuel provisioning in skeletal muscle during diving.
A plethora of studies have highlighted these extraordinary physiological adjustments
supporting diving and exercise performance, yet the specific cellular and molecular mechanisms
underlying hypoxia and exercise tolerance in diving mammals remains puzzling to researchers
(Allen and Vázquez-Medina, 2019; Weitzner et al., 2020). To address these gaps, this study
used system-wide approaches to characterize changes in genes and proteins in two metabolically
active tissues (skeletal muscle and blubber) and whole blood of NES over development and in
response to offshore transportation. Specifically, this study profiled muscle and blood gene
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expression associated with regulation of oxidative stress and inflammatory pathways in weaned
pups, juveniles, and adult NES as well as evaluated muscle and blubber transcriptomic and
proteomic responses to swimming and diving in juvenile NES. Findings from this study suggest
mechanistic factors that may allow elephant seal pups to transition to a deep-diving lifestyle and
improve dive performance and exercise capacities into adulthood, which can further inform the
evolution of life history adaptations and physiological plasticity across other taxa.

Figure 1. Schematic highlighting a key aspect of hypoxia and ischemia-reperfusion (H-IR) in
marine mammals.
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Figure 2. Schematic highlighting key aspects of lipid-based aerobic metabolism that are likely
in diving NES.
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CHAPTER 2: ONTOGENY OF CARBON MONOXIDE-RELATED GENE EXPRESSION IN
A DEEP-DIVING MARINE MAMMAL

Introduction
While intermittent hypoxemia, ischemia, and reperfusion cause tissue damage in
laboratory animals and humans, marine mammals routinely experience these conditions due to
their diving lifestyle with no apparent adverse effects (Allen and Vázquez-Medina, 2019).
Physiological adaptations of marine mammals to breath-hold diving include enhanced blood
oxygen stores and high antioxidant capacity (Ponganis, 2011). For example, deep-diving phocid
seals such as the northern elephant seal (Mirounga angustirostris; NES), have some of the
highest reported mass-specific blood volumes and total body oxygen stores in mammals
(Kooyman and Ponganis, 1998). Elevated total oxygen stores and large body sizes contribute to
greater breath-hold capacity and longer dive durations (up to 90 min) in NES compared to many
other species of pinnipeds (seals, sea lions, and walruses: Hassrick et al., 2010). NES spend
more than 90% of their time submerged at sea, undergoing repeated apneas, peripheral
vasoconstriction, and bradycardia as part of the dive response (Andrews et al., 1997; Ponganis et
al., 2008). In vivo blood oxygen measurements in diving NES have revealed over 90% depletion
of blood oxygen stores during routine dives (Meir et al., 2009), further highlighting the
remarkable hypoxemia tolerance in this elite- diving species. Even when hauled out on land,
NES undergo repeated sleep apneas with little to no apparent oxidative damage to tissues
(Stockard et al., 2007; Vázquez-Medina et al., 2011a; Tift et al., 2013).
Despite new advances in understanding cellular and molecular mechanisms underlying
hypoxia tolerance in deep-diving species, few studies have addressed mechanistic drivers of the
diving phenotype within an ontogeny framework (Weitzner et al., 2020). Among marine
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mammals, pinnipeds are unique in their developmental transition from birth and nursing on land
to diving after weaning. This transitional shift makes them an ideal model system for studying
ontogeny as it provides the opportunity to delineate differences in phenotypic regulation and
plasticity that allow the development of physiological protective mechanisms that may be key to
hypoxia tolerance during diving. Developmental comparisons related to intermediate or
transitional steps, pre-adaptations, and physiological plasticity within diving mammals can allow
for us to better pinpoint the molecular and genetic mechanisms underlying diving physiology as
well as uncover new facets of hypoxia tolerance within comparative physiology.
In general, blood and muscle oxygen stores (hemoglobin and myoglobin, respectively)
increase as marine mammals approach adulthood, enhancing their dive capacity (Horning and
Trillmich, 1997; Dolar et al., 1999). In Steller sea lions (Eumetopias jubatus), mass-specific
total body oxygen stores not only increase with age, but shift predominantly to muscle for
primary oxygen storage (Richmond et al., 2006). Similar age-related changes in oxygen-storing
capacity have been observed in other pinniped species, such as the Weddell seal (Leptonychotes
weddellii) (Penso-Dolfin et al., 2020). Expression and activity of antioxidant enzymes were also
found to increase with maturation in hooded seals (Cystophora cristata) and ringed seals (Pusa
hispida) (Elsner et al., 1998; Vázquez-Medina et al., 2006, 2011b). Under basal conditions,
antioxidant enzyme activity was more than fourfold higher in skeletal muscle of adult hooded
seals compared to newborn and weaned pups (Vázquez- Medina et al., 2011c). High antioxidant
expression and activity have also been reported in northern NES, specifically in the context of
adaptive responses to apneas and prolonged fasting (Allen and Vázquez-Medina, 2019;
Ensminger et al., 2021), but have not been extensively profiled across ontogeny.
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One potential driver of cytoprotective gene expression in mammals exposed to chronic
hypoxia is carbon monoxide (CO), a gasotransmitter produced during heme catabolism by heme
oxygenase (HO) enzymes. NES and Weddell seals have levels of blood CO that are comparable
to chronic human smokers and that increase with age and hemoglobin levels as they increase
their diving activity (Pugh, 1959; Tift et al., 2014). Humans living at high altitude in South
America also exhibit elevated hemoglobin concentrations in blood, and high blood CO (Tift et
al., 2020). Recent studies in humans and laboratory rodents have shown that exogenous
administration of low to moderate doses of CO via inhalation or pharmacological application of
CO-releasing molecules (CO-RMs) stimulates mitochondrial biogenesis, regulates inflammation,
and confers cytoprotection from injuries associated with hypoxia and ischemia-reperfusion and
cold ischemia during organ transplantation (Motterlini and Otterbein, 2010; Dugbartey, 2021).
The cellular effects of CO are mediated in part by the p38-MAPK, soluble guanylyl cyclase, and
NFkB signaling pathways and their downstream targets (Ryter, 2020). CO administration in
mice increases expression of PGC1A and SIRT1, which regulate mitochondrial biogenesis,
oxidative metabolism, and cell survival (Suliman et al., 2007; Rhodes et al., 2009; Kim et al.,
2015; Sun et al., 2017). CO treatment under inflammatory conditions also decreases levels of
pro- inflammatory cytokines TNF-α, IL-1β, and MIP-1β (CCL4) and inhibits TLR4 and JNK
signaling, while increasing production of the anti-inflammatory cytokine IL-10 (Otterbein et al.,
2000; Ryter et al., 2018). Currently, NES and Weddell seals are the only non-laboratory species
confirmed to endogenously produce CO at concentrations believed to have cytoprotective effects
(Pugh, 1959; Tift et al., 2014). However, the regulation of the HO/CO pathway and downstream
effects of elevated CO in diving mammals have not been examined.
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Carbon monoxide is produced endogenously by the heme degradation activity of two HO
isoforms, HO-1 and HO-2 (encoded by the genes HMOX1 and HMOX2, respectively). While
HMOX2 is considered constitutively expressed, HMOX1 expression is induced by a number of
stimuli, including hypoxia, oxidative stress and inflammation, and is regulated by the
electrophile-responsive transcription factor Nrf2 (Gozzelino et al., 2010). In addition to CO,
heme catabolism by HO enzymes generates biliverdin, which is converted by biliverdin
reductase (BVR) to bilirubin, a potent antioxidant at low to moderate concentrations (Jansen and
Daiber, 2012; Chen et al., 2018). Moreover, HO-1 may exert direct cytoprotective effects by
translocating to the nucleus and activating expression of transcription factors that regulate cell
proliferation and survival (Lin et al., 2007). HO-2 has also been implicated in cellular responses
to hypoxia and oxygen sensing in the carotid body in humans and rodents (Muñoz-Sánchez and
Chánez-Cárdenas, 2014), and has shown evidence of positive selection in human populations
adapted to high altitude (Simonson et al., 2010). However, the expression and potential role of
HO enzymes in hypoxia tolerance in wild animals have not yet been studied.
Due to their high levels of endogenous CO in blood, NES are a natural study system for
examining the role of CO in hypoxia tolerance. In this study, I evaluated ontogenetic changes in
gene expression associated with CO production and signaling in NES skeletal muscle and whole
blood, two tissues which are routinely sampled from wild NES (Khudyakov et al. 2015; Meir et
al., 2009). Skeletal muscle experiences myoglobin desaturation and some ischemia and
reperfusion during apneas in NES (Ponganis et al., 2002, 2008). It also contains high abundance
of hemoproteins (myoglobin and cytochromes), which could serve as potential sources of CO
production. Gene expression in whole blood, which also experiences fluctuations in oxygen
levels (Meir et al., 2009), reflects immune activity as it is derived primarily from peripheral
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blood mononuclear cells such as lymphocytes and monocytes (He et al., 2019). CO levels and
expression of 13 genes in skeletal muscle and 10 genes in whole blood of weaned pups,
juveniles, and adult NES were measured. Genes targeted in muscle encoded proteins associated
with CO production (HMOX1, HMOX2, BVR), antioxidant defense (NRF2, GPX3, GPX4,
PRDX1, PRDX6, SIRT1), mitochondrial biogenesis (PGC1A, ESRRA, ESRRG), and
inflammation (IL1B). Genes targeted in whole blood included six markers measured in muscle
(HMOX1, HMOX2, BVR, NRF2, PRDX1, IL1B) and four others associated with inflammation
(IL10, TNFA, TLR4, CCL4). I examined whether baseline gene expression varied with age class,
sex, and fasting state, as NES were sampled early and late in haul-out periods characterized by
extensive fasting, which can impact gene activity (Champagne et al., 2012). I hypothesized that
expression of genes associated with CO production, signaling, and cytoprotective effects is
correlated with CO levels and increases with age and dive capacity in NES, providing a potential
mechanism of ontogeny of ischemia-reperfusion tolerance in a deep-diving mammal.
Methods
Study Subjects
All animal handling procedures were approved by Sonoma State University and
University of the Pacific Institutional Animal Care and Use Committees and conducted under
National Marine Fisheries Service permit no.19108 and 23188. Three age classes of NES were
sampled at Año Nuevo State Reserve (San Mateo County, CA, USA): weaned pups (n = 15; 5
females and 10 males, spring 2020), juveniles (n = 9; 4 females, 4 males, 1 sex not recorded, fall
2017), and molting adults (n = 22; 11 females and 11 males, summer 2020 and 2021; Table 1).
NES pups fast for 6-8 weeks at the rookery after weaning before leaving for their first foraging
trip. Adults haul out for approximately 4 weeks to molt, during which they are also fasting
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(Champagne et al., 2012). In contrast, juveniles (0.8-1.8-year-old) haul out for a brief (~3
months) period in the fall that is not characterized by extensive fasting (Jelincic et al., 2017). To
examine whether any of the markers measured in this study varied with fasting, independent
cohorts of weaned pups and adults were sampled at the beginning and end of their haulout
periods. Seven pups were sampled early in their post-weaning fast, while 8 were sampled after
4-6 weeks of fasting. Six adult females and 5 adult males were sampled during early molting
(<10% molted), and 5 females and 6 males were sampled during late molting (>90% molted,
after 3-4 weeks of fasting). Blood samples were not obtained for 2 of the weaned pups, 2 of the
adult females, or any of the juveniles. CO concentrations in skeletal muscle were not obtained
for 2 of the weaned pups, one of the juveniles, one of the adult females, and one of the adult
males.
Sample Collection
Collection of skeletal muscle and whole blood samples was conducted after study
animals were anesthetized as described previously (Tift et al., 2014). Specifically, animals were
chemically immobilized with 1 mg/kg intramuscular injections of tiletamine-zolazepam HCL
(Telazol, Fort Dodge Animal Health, USA), and sedation was sustained with intravenous doses
of ketamine and diazepam (0.25-1 mg/kg) (Fort Dodge Animal Health, IA, USA). Blood
samples were obtained from the extradural vein using an 18 G, 3.25-inch spinal needle. Whole
blood (2.5 ml) was drawn into PAXgene Blood RNA Tubes (PreAnalytiX, USA), mixed, stored
TM

for ~ 2 h at room temperature, frozen at -20°C for 24 h, and transferred to -80°C for long-term
storage. Skeletal muscle samples were collected from the external abdominal oblique muscle
using a 6.0-mm diameter biopsy punch (Integra Miltex, USA), frozen in a cryovial on dry ice
and stored at -80°C until further processing. Muscle biopsies collected from juveniles were

24
preserved in RNAlater Stabilizing Solution (~300 mg tissue per 1.5 mL; Invitrogen, USA) for
TM

24 hours at 4°C. RNAlater was removed from samples prior to freezing at -80°C for long term
TM

storage. The integrity of RNA isolated from NES samples frozen in the field and those
preserved in RNAlater are comparable and can be used interchangeably for targeted gene
TM

expression analyses (Pujade Busqueta et al., 2020).
Carbon Monoxide Measurements
Methods for CO extraction and quantification from tissues followed previously
established methods (Vreman et al., 2005). The quantity of CO extracted from tissue samples
was measured using a reducing compound photometer gas chromatography system (GC RCP,
Peak Performer 1, Peak Laboratories LLC, Mountain View, CA). A certified calibration gas
(1.02 ppm CO balanced with nitrogen) was purchased from Airgas and used to generate a daily
®

standard curve prior to experiments. Amber borosilicate glass chromatography vials (2 mL) with
gas-tight silicone septa were used for all experiments and were purged of CO using a custom
catalytic converter prior to the addition of calibration gas or samples. The vial headspace was
flushed with CO-free carrier gas into the gas chromatography system via a custom-made double
needle assembly attached to the front of the instrument. Frozen aliquots of tissue sample were
rinsed of external blood with ice-cold KH PO buffer (pH 7.4) and placed into 2.5 mL
2

4

microcentrifuge tubes. Tissues were diluted to approximately 10-45% (w/w) with ice-cold MilliQ water. The tissue was thoroughly diced with surgical scissors over ice and then homogenized
®

using the Ultra-Turrax T8 grinder (IKA Works, Inc. , Wilmington, NC) for 6 to 8 one-sec pulses
followed by 6 to 8 one-sec pulses from an ultrasonic cell disruptor (Branson, Danbury, CT).
After completely homogenized, 10 μL of tissue homogenate and 20 μL of 20% sulfosalicylic
acid were injected into the purged 2 mL amber vials with gas-tight syringes connected to
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repeating dispensers. The CO released into the headspace of the amber vials was measured using
the system mentioned previously. Each sample was run in triplicate. CO values were reported
as pmol*mg wet weight tissue.
-1

RNA Isolation
Muscle tissue (30-60 mg) was minced using a scalpel on dry ice and homogenized by
bead beating in 1 mL of TRIzol Reagent (Life Technologies, USA) using 2 mL tubes pre-filled
with 2.4 mm metal beads (Fisher Scientific, United States) containing one 3.5 mm UFO bead
(Next Advanced, United States) using a Bullet Blender Storm 24 instrument (Next Advance,
USA) at max power for three two-minute cycles. Tissue homogenates were further disrupted
using a 1 mL syringe and 22 G needle to shear genomic DNA and centrifuged to pellet insoluble
components. RNA was isolated from homogenates by phase extraction using chloroform (VWR
Life Sciences, USA) following the TRIzol manufacturer’s protocol. RNA was purified using the
RNeasy Mini kit (Qiagen, USA) according to the manufacturer’s protocol, including a 15-min
on-column DNAse I digest. Total RNA was isolated from whole blood using the PAXgene
Blood RNA Kit Version 2 (PreAnalytiX, USA) following the manufacturer's protocol with a 15min on-column DNAse I digest. RNA concentration was quantified using Qubit 3.0 Fluorometer
Broad Range RNA Assay (Life Technologies, USA). RNA integrity was assessed using the
Total RNA 6000 Pico Kit on the 2100 Bioanalyzer (Agilent Technologies, USA). Mean (± s.d.)
RNA integrity numbers (RIN) for muscle and blood samples were 8.93 ± 0.37 and 5. 11 ± 1.26,
respectively. RIN values for RNA isolated from muscle samples that were preserved in
RNAlater and those that were flash frozen in liquid nitrogen were comparable (Pujade
TM

Busqueta et al., 2020).
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RT-qPCR. Total RNA (0.5 µg input) was reverse transcribed to complementary DNA
(cDNA) using SuperScript IV VILO Master Mix with ezDNase (Thermo Fisher, USA). cDNA
samples were diluted 1:10 and 2 µL were used in a 20 µL real-time quantitative polymerase
chain reaction (qPCR) with PowerUp SYBR Green Master Mix (Thermo Fisher, USA). qPCR
was performed on a QuantStudio 5 Real-Time PCR System instrument (Thermo Fisher, USA)
using the following program: 2 min at 50°C, 2 min at 95°C and 40 cycles of 15 s at 95°C and 60
s at 60°C. All samples were run in triplicate with intra-assay coefficient of variation (CV) <
0.5% and inter-assay CV < 1%. No-template and minus-RT controls were included in each run
and did not show any amplification.
Sequence-specific primers were designed with NCBI Primer-Blast using NES
transcriptomes (Table 2) (Khudyakov et al., 2015; Deyarmin et al., 2019). Eighteen target genes
were selected based on significant BLASTX hits to protein orthologs in the UniProt SwissProt
database (e-value < 0.001) and high transcript abundance in transcriptomes (transcripts per
million, TPM ≥ 20). Primers were designed to specifically target highly conserved regions of
each transcript (Table 2) All primers were used at 400 nM with the exception of EF2 and
GAPDH, which were used at 200 nM final concentration. Amplification efficiencies for each
primer pair (Table 2) were calculated from slopes of standard curves of serially 1:2-diluted NES
cDNA (n = 6 dilutions). Primer specificity was confirmed using melt curve analysis and agarose
gel electrophoresis.
Normalized gene expression values (delta C ) were obtained by subtracting the C of the
T

T

gene of interest from the C of a reference gene (Schmittgen and Livak, 2008). EF2 was used as
T

the reference gene for muscle, while GAPDH was used as the reference gene for blood after
evaluation of stability using RefFinder (CV: muscle EF2 = 2.45%, blood GAPDH = 2.58%) (Xie
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et al., 2012). Delta C values and primer efficiencies were calculated using Microsoft Excel
T

2020.
Statistical Analyses
Data analyses were conducted using R v3.6.2 in RStudio v1.3.1073 (R Core Team, 2016;
2019). Spearman correlation (r ) was conducted using the 'corr. test' function from the psych
S

package (Revelle, 2019) to evaluate associations between normalized expression levels of target
genes. Gene expression data were scaled across samples and summarized using the pheatmap
package (Kolde, 2019) with complete clustering by row and column (Euclidean distance).
Principal components analysis (PCA) of muscle and blood gene expression levels was
conducted using the 'principal' function in the psych package (Revelle, 2019) after evaluating the
appropriateness of this approach (Bartlett’s test of sphericity p < 0.05, determinant > 0.00001,
Kaiser-Meyer-Olkin mean sampling adequacy values > 0.7) (Field et al., 2012). PCA
diagnostics are shown in Table 3. The presence of potential outliers was assessed using
Mahalanobis distance. No outliers in the muscle or blood gene expression datasets were
identified at the recommended chi-square cutoff of alpha = 0.01 (Leys et al., 2018). Principal
component interpretability was improved using varimax rotation.
Rotated components were extracted, and general linear models (GLM) were used to
examine whether they varied by age, sex (due to differences in body size), fasting state (early,
late) and their interactions (age, sex, fasting state). The 'Anova' function in the car package was
used to obtain type III sums of squares. I first ran full models including all main and interaction
terms, after which non-significant variables were selected for removal using the 'drop1' function.
Models with the lowest AIC were retained. Juveniles were first excluded from full models as
they were sampled during a short haul-out period that is not characterized by extensive fasting.
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In cases in which components did not vary with fasting in pups and adults, juveniles were added
back into the models to assess the effects of age and sex. Levene’s and Shapiro-Wilk’s tests
were used to determine whether variables and model residuals met equal variance and normality
assumptions, respectively. Variables were log-transformed as necessary to meet model
assumptions. Post-hoc comparisons between sample groups were conducted using estimated
marginal means (EMM) with the emmeans package (adjustment = Tukey) (Lenth, 2021). GLM
was also used to assess whether log-transformed CO levels varied by age, sex, and fasting.
Spearman correlation was used to evaluate relationships between CO levels and rotated
components.

Table 1
Age class, Fasting State, Sex, and Year Sampled for Animals used in the Study
Animal ID

Age Class

Fasting State

Sex

Year Sampled

pup1

pup

early

male

2020

pup2

pup

early

female

2020

pup3

pup

early

male

2020

pup4

pup

early

male

2020

pup5

pup

early

female

2020

pup6

pup

early

female

2020

pup7

pup

early

female

2020

pup8

pup

late

male

2020

pup9

pup

late

male

2020

pup10

pup

late

male

2020

pup11

pup

late

female

2020

pup12

pup

late

male

2020

pup13

pup

late

male

2020

pup14

pup

late

male

2020

pup15

pup

late

male

2020

juv2

juvenile

early

female

2017
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juv15

juvenile

early

male

2017

juv16

juvenile

early

male

2017

juv18

juvenile

early

NA

2017

juv19

juvenile

early

male

2017

juv20

juvenile

early

female

2017

juv23

juvenile

early

male

2017

juv28

juvenile

early

female

2017

juv29

juvenile

early

female

2017

fem_early_6

adult

early

female

2020

fem_early_7

adult

early

female

2020

fem_early_8

adult

early

female

2021

fem_early_9

adult

early

female

2021

fem_early_10

adult

early

female

2021

fem_early_11

adult

early

female

2021

fem_late_2

adult

late

female

2020

fem_late_3

adult

late

female

2020

fem_late_4

adult

late

female

2020

fem_late_5

adult

late

female

2020

fem_late_6

adult

late

female

2020

fem_late_7

adult

late

female

2021

fem_late_8

adult

late

female

2021

male_early_1

adult

early

male

2020

male_early_2

adult

early

male

2020

male_early_3

adult

early

male

2020

male_early_4

adult

early

male

2020

male_early_5

adult

early

male

2020

male_late_6

adult

late

male

2020

male_late_7

adult

late

male

2020

male_late_8

adult

late

male

2020

male_late_10

adult

late

male

2020

male_late_11

adult

late

male

2020

male_late_12

adult

late

male

2020

30
Table 2
Sequences and Amplification Efficiencies for qPCR Primers used in the Study.
Gene

Transcript ID

Primer sequence (5' to 3')

E%

HMOX1 TRINITY_DN582021_c0_g5 Heme oxygenase 1

F: CTGGTGATGGCCTCTCTTTACC
R: GCGTAGACCGGGTTGTCC

97.8

HMOX2 TRINITY_DN573552_c5_g3 Heme oxygenase 2

F: CACACTCGGCAACGATGTCA
R: CTCAGAGAGGTCAGCCATCCT

99.5

BVR

tr486081

Biliverdin reductase

F: CTGGGTCTCTGGAGAATATGCC
93.3
R: GCCCAGGAGTTTCTGGACAA

GPX3

tr295337

Glutathione peroxidase 3

F: TAGCTGGCCACGTTGACAAA
R: GTGAGCGGCACCATCTATGA

NRF2

tr11361

Nuclear factor erythroid 2- F: GCTGCGTTTCAGTCACTTGTT
related factor
R: GTTTGAGGTGACTGAGCCTGA

96.9

PGC1A tr433035

Peroxisome proliferator
F: GAGGAGGAGTTGTGGGTGGA
activated receptor gamma
R: ACCCCAAGGGTTCCCCATTT
coactivator 1-alpha

87.3

IL1B

tr50419

Interleukin-1 beta

F: CCGTCGTCTGTGAGGTGTAT
R: ACAGCACCAGGGATTTTTGG

101.6

ESRRA

tr210045

Estrogen-related receptor
alpha

F: CACACCCAACACCAAGACCT
R: CAGGCTTCTCGTCACTGTCA

84.0

ESRRG

tr348270

Estrogen-related receptor
gamma

F: GTCCCCGACAGTGACATCAA
R: CCTGGAATATGCTTCGCCCA

106.9

EF2

tr388769

Elongation factor 2

F: TGGCCAAATTTGCTGCCAAG
R: CTTGCTGAATTTGCCGTTGG

100.7

GAPDH tr223210

Glyceraldehyde 3
F: CAGAACATCATCCCTGCCTC
phosphate dehydrogenase R: TGCTTCACCACCTTCTTGA

97.2

SIRT1

NAD-dependent protein
deacetylase sirtuin-1

F: ACCACCAGATTCTTCAGCGAT
R: TTTGATTCGGACACACCAGGA

90.6

PRDX1 tr139285

Peroxiredoxin 1

F: GCTCTTCTGGACATCAGGCT
R: TGGTTCAGGCCTTCCAGTTT

90.2

PRDX6 tr94909

Peroxiredoxin 6

F: GCACCACAGAGCTTGGCAGA
R: AGGATGGCAAGGTCCCGATT

95.6

tr23215

Protein name

Phospholipid
hydroperoxide glutathione F: AAGTACCGGGGCTTCGTGTG
peroxidase
R: CCAGCGGCGAACTCTTTGAT

GPX4

tr448784

IL10

tr225261

CCL4

TRINITY_DN588869_c10_g1 C-C motif chemokine 4

Interleukin 10

95.9

93.8

F: AGAGGTGTCTACAAAGCCATGA
100.8
R: GTTTTGTTCCCCAGCCTGTTT
F: CACCGCCTGCTGCTTTTCTT
R: AGAGGCTGCTCGTCTCGAAG

104.6
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TLR4

tr82854

Toll-like receptor 4

TNFA

TRINITY_DN591924_c5_g5 Tumor necrosis factor

F: GGTGGCATTTGGCTCACTTC
R: TTGGAGGGAGAGGAGAGGTT

92.8

F: TGGAATCATTGCCCTGTGAGG
R: CTAAGCCAGAAGGGGATGAGG

95.0

Note. Primers were Designed using Sequences from NES Muscle and Blubber Transcriptomes
(Khudyakov et al., 2015; Deyarmin et al., 2019).

Table 3
PCA Diagnostics (Field et al., 2012) for Skeletal Muscle and Whole Blood Gene Expression
Datasets
Muscle PCA

Blood PCA

Number of genes

13

10

Determinant

0.0001

0.0002

Barlett’s test

𝛘2 (78) = 364.03
p < 0.0001

𝛘2 (45) = 237.91
p < 0.0001

KMO test

overall MSA = 0.73

overall MSA = 0.73

Mean communality

0.77

0.79

Results
Carbon Monoxide Levels in Skeletal Muscle
The concentration of CO in NES skeletal muscle was unaffected by fasting in pups or
adults (p = 0.37), and none of the interaction terms that included fasting were significant (p >
0.05). These terms were therefore removed, and juveniles were included in reduced models with
age, sex, and age∗sex. CO concentrations in skeletal muscle varied significantly with age (F2,37
= 43.15, p < 0.0001), but were unaffected by sex (p = 0.99, Figure 3) or the interaction between
age and sex (p = 0.39). Skeletal muscle CO concentrations increased with age, from 8. 5 ± 4.7
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(mean ± s.d.) pmol∗ mg− 1 tissue in pups, to 26.7 ± 6.1 pmol∗ mg− 1 tissue in juveniles, and 67.
1 ± 37.3 pmol∗ mg− 1 tissue in adults (Figure 3).

Figure 3. CO levels measured in skeletal muscle of NES pups (n = 13; 4 female, 9 male),
juveniles (n = 7; 4 female, 3 male), and adults (n = 20; 10 female, 10 male). Different letters
denote significant differences between groups (GLM using log-transformed CO, followed by
post-hoc EMM test, p < .05).

Gene Expression in Skeletal Muscle
Baseline gene expression in skeletal muscle was variable between individuals but was
clustered by gene and age, with higher expression levels of most markers, with the exception of
those related to mitochondrial biogenesis, in adults compared to pups and juveniles (Figure 4). I
used PCA to reduce the dimensionality of the dataset as gene expression was highly correlated
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(Figure 5 and Figure 6). Muscle gene expression was described by four rotated components
(Table 4), which in sum explained 77% of the variance in the data and showed clustering by age
(young vs. adult, Figure 7).

Relative expression

Figure 4. Heatmap showing scaled baseline expression (delta CT; higher: brown, lower: blue) of
13 genes (rows) associated with CO signaling and cytoprotection in skeletal muscle NES pups (n
= 15), juveniles (n = 9), and adults (n = 22; columns). Rows and columns were clustered by
Euclidean distance.
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Figure 5. Correlogram showing significant (p < 0.05) Spearman correlation (rS, colored circles)
between baseline expression of 13 genes in NES skeletal muscle. Circle color denotes direction
of relationship (brown: positive, green: negative), while size of circles and color intensity denote
magnitude of correlation.
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Figure 6. Correlogram showing significant (p < 0.05) Spearman correlation (rS, colored circles)
between baseline expression of 10 genes in NES whole blood. Circle color denotes direction of
relationship (brown: positive, green: negative), while size of circles and color intensity denote
magnitude of correlation.
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Table 4
Eigenvalues and Percent of Explained Variance for Varimax-Rotated Components mRC1,
mRC2, mRC3, and mRC4 that Describe Expression of Genes Associated with Protection from
Oxidative Stress and Lipid Peroxidation, Production of CO, and Mitochondrial Biogenesis in
Skeletal Muscle of NES
mRC1

mRC2

mRC3

mRC4

Eigenvalue

3.12

2.35

1. 98

2.66

% of variance

24

18

15

20

Gene

Rotated component loadings

HMOX1

0.12

-0.34

0.80

-0.07

HMOX2

0.07

0.00

0.12

0.82

BVR

0.33

0.40

0.66

0.16

NRF2

0.17

-0.01

0.20

0.86

GPX3

-0.16

-0.05

0.66

0.43

GPX4

0.89

-0.23

-0.04

0.16

PRDX1

0.56

-0.23

0.51

0.37

PRDX6

0.92

-0.16

0.22

0.01

SIRT1

0.74

0.03

0.02

0.42

IL1B

0.40

-0.09

-0.01

0.70

PGC1A

-0.49

0.73

-0.15

-0.08

ESRRA

-0.04

0.88

-0.24

0.19

ESRRG

-0.16

0.78

0.15

-0.40

Note. Rotated component loading scores are shown for each gene used in the analysis, with
values > 0.5 shown in bold.
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Figure 7. Principal components analysis loading plots for rotated components describing
baseline gene expression associated with CO signaling and cytoprotection in skeletal muscle of
NES pups, juveniles, and adults. mRC1: GPX4, PRDX6, PRDX1, SIRT1; mRC3: HMOX1, BVR,
GPX3, PRDX1. Ellipses show 95% confidence intervals for young (pups and juveniles, n = 24;
brown) and adult (n = 22; blue) seals.

Muscle expression of GPX4, PRDX1, PRDX6, and SIRT1, which are associated with
protection from lipid peroxidation, was described by rotated component 1 (mRC1) and explained
24% of the variance in the data. PGC1A, ESRRA and ESRRG, which are associated with
mitochondrial biogenesis, loaded on rotated component 2 (mRC2; 18% of variance explained).
Expression of HMOX1, BVR, GPX3, and PRDX1, which are associated with CO production and
antioxidant function, was described by rotated component 3 (mRC3; 15% of variance explained).
Lastly, HMOX2, NRF2, and IL1B, which are associated with responses to oxidative stress and
inflammation, loaded on rotated component 4 (mRC4), which explained 20% of the variance in
the data. PRDX1, which encodes an antioxidant enzyme, loaded on both mRC1 and mRC3.
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I examined whether any of the muscle-specific rotated components varied by age (pup,
juvenile, adult), sex, or fasting state (early, late; in pups and adults only as juveniles were
sampled during a haulout period not associated with prolonged fasting), or their interactions.
None of the rotated components varied between animals sampled early and those that were
sampled late in their fast in pups or adults (mRC1: p = 0.37, mRC2: p = 0.10, mRC3: p = 0.13,
mRC4: p = 0.42), and none of the interaction terms that included fasting state were significant (p
> 0.05). Therefore, these terms were removed, and juveniles were included in reduced models
with age, sex, and age∗sex as explanatory variables. mRC1 expression increased with age (F2,42
= 5. 31, p = 0.0088; Figure 8A); it was higher in adults compared to juveniles (p = 0.034) and
pups (p = 0.026) but did not differ between pups and juveniles (p = 0.92). mRC1 did not vary by
sex (p = 0.92) or the interaction between age and sex (p = 0.22). mRC2 expression decreased
with age (F2,41 = 19. 07, p < 0.0001; Figure 8B); it was higher in pups compared to juveniles (p =
0.016) and adults (p = 0.0002) but did not vary between adults and juveniles (p = 0.88). mRC2
expression was higher in females compared to males (F1,41 = 22.14, p < 0.0001), with highest
levels in female pups and lowest levels in adult males (Figure 8B); the interaction term age∗sex
was not significant (p = 0.37). mRC3 increased with age (F2,39 = 14.84, p < 0.0001). The
interaction term age∗sex was marginally significant (F2,39 = 3.13, p = 0.055); mRC3 expression
was higher in adult females compared to adult males (p = 0.0099; Figure 8C). mRC4 expression
did not vary with age (p = 0.68), sex (p = 0.77), or their interaction (p = 0.088; Figure 8D).
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Figure 8. Boxplots showing expression of rotated components mRC1 (A; GPX4, PRDX6,
PRDX1, SIRT1; lipid peroxidation), mRC2 (B; PGC1A, ESRRA, ESRRG; mitochondrial
biogenesis ), mRC3 (C; HMOX1, BVR, GPX3, PRDX; CO production), and mRC4 (D; HMOX2,
NRF2, IL1B; inflammation regulation) in skeletal muscle of NES. mRC1 varied by age (F2,42 =
5.31, p = .0088), while mRC2 and mRC3 varied by age and sex (mRC2: F4,41 = 14.26, p < .0001;
mRC3: F2,39 = 3.13, p = .055). Different letters denote significant differences between groups
(GLM followed by post-hoc EMM test, p < .05).

I then evaluated relationships between CO levels and rotated component expression in
muscle. Muscle CO levels were positively correlated with mRC1 (rS = 0.43, p = 0.006; Figure
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9A), mRC3 (rS = 0.57, p = 0.0001; Figure 9C) and mRC4 (rS = 0.33, p = 0.034; Figure 9D), and
negatively correlated with mRC2 (rS = −0.36, p = 0.021; Figure 9B).

Figure 9. CO levels measured in skeletal muscle were positively correlated with baseline
expression of mRC1 (A; GPX4, PRDX6, PRDX1, SIRT1; rS = 0.43, p = .006), mRC3 (C;
HMOX1, BVR, GPX3, PRDX1; rS = 0.57, p = .0001), and mRC4 (D; HMOX2, NRF2, IL1B; rS =
0.33, p = .034), and negatively correlated with mRC2 (B; PGC1A, ESRRA, ESRRG; rS = -0.36, p
= .021) in pup, juvenile, & adult NES.
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Gene Expression in Whole Blood
I measured expression of HMOX1, HMOX2, BVR, NRF2, PRDX1, IL1B and four other
markers associated with immune function, which were not detectable in muscle, in whole blood
(IL10, TLR4, TNFA, CCL4). Baseline expression of these 10 genes in whole blood showed
clustering by age, with higher expression levels of most markers, with the exception of HMOX1
and NRF2, in pups compared to adults (Figure 10).

Relative expression

Figure 10. Heatmap showing scaled baseline expression (delta CT; higher: brown, lower: blue)
of 10 genes (rows) associated with CO signaling, cytoprotection, and inflammation in whole
blood of NES pups (n = 13) and adults (n = 20, columns). Rows and columns were clustered by
Euclidean distance.

Blood gene expression was described by three rotated components (Table 5), that in sum
explained 79% of the variance in the data and showed clustering by age (young vs. adult, Figure
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11). Expression of HMOX2, PRDX1, CCL4, and TNFA in whole blood, which are associated
with antioxidant function and inflammation, loaded on rotated component 1 (bRC1) and
explained 33% of the variance in the data. Expression of IL1B, NRF2, BVR, and IL10, which are
associated with regulation of inflammation, was described by rotated component 2 (bRC2; 31%
of variance explained). HMOX1, which is associated with CO production, loaded on rotated
component 3 (bRC3; 15% of variance explained). TLR4 loaded on both bRC1 and bRC2.

Table 5
Eigenvalues and Percent of Explained Variance for Varimax-Rotated Components bRC1, bRC2,
and bRC3 that Describe Expression of Genes Associated with Inflammation, Protection from
Oxidative Stress, and Production of CO in Whole Blood of NES
bRC1

bRC2

bRC3

Eigenvalue

3.31

3.13

1.49

% of variance

33

31

15

Gene

Varimax- rotated component loadings

HMOX1

0.28

0.10

0.91

HMOX2

0.89

0.07

0.27

IL1B

0.00

0.85

0.34

NRF2

0.43

0.53

0.45

BVR

0.36

0.70

0.22

TLR4

0.51

0.77

-0.06

IL10

0.01

0.90

-0.07

CCL4

0.78

0.09

0.22
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PRDX1

0.71

0.43

-0.21

TNFA

0.88

0.19

0.34

Note. Rotated component loading scores are shown for each gene used in the analysis, with
values > 0.5 shown in bold.

Figure 11. Principal components analysis loading plot for rotated components describing
baseline gene expression associated with CO signaling, cytoprotection, and inflammation in
whole blood of NES pups (n = 13) and adults (n = 20). bRC1: HMOX2, PRDX1, TLR4, CCL4,
TNFA; bRC3: HMOX1. Ellipses show 95% confidence intervals for the two age classes.

I examined whether any of the blood-specific rotated components varied by age, sex,
fasting state, or their interaction in pups and adults. None of the components varied with fasting
(bRC1: p = 0.14; bRC2: p = 0.48; bRC3: p = 0.78), and none of the interaction terms that
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included fasting were significant (p > 0.05); these terms were subsequently removed from the
models. bRC1 expression decreased with age (F1,31 = 73.41, p < 0.0001; Figure 12), but was not
affected by sex (p = 0.18) or the interaction between age and sex (p = 0.39). bRC2 and bRC3 did
not vary by age (bRC2: p = 0.33; bRC3: p = 0.65), sex (bRC2: p = 0.32; bRC3: p = 0.12), or the
interaction between age and sex (bRC2: p = 0.51; bRC3: p = 0.10; data not shown).

Figure 12. Expression of rotated component bRC1 (HMOX2, PRDX1, TLR4, CCL4, TNFA) in
whole blood of NES was higher in pups than adults (p < .05).

Lastly, I examined potential associations between gene expression in skeletal muscle and
peripheral blood. There was a significant inverse correlation between PRDX1 expression in
muscle and its expression in blood (rS = −0.40, p = 0.02; Figure 13). Expression levels of
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HMOX1, HMOX2, BVR, IL1B, and NRF2 in skeletal muscle and blood were not correlated
(HMOX1: p = 0.56, HMOX2: p = 0.31, BVR: p = 0.93, IL1B: p = 0.22, NRF2: p = 0.98).

Figure 13. Expression of the gene encoding antioxidant enzyme PRDX1 in pup & adult NES
muscle (mPRDX1) and blood (bPRDX1) was negatively associated (rS = -0.40, p = .02).

Discussion
Carbon monoxide has long been characterized as an anthropogenic pollutant and toxic
gas due to its ability to significantly alter oxygen delivery in the body. Contrary to its former
reputation, endogenously produced CO is now widely accepted as a gasotransmitter that confers
cytoprotection in the face of hypoxemia, ischemia, and reperfusion in humans and laboratory
species (Motterlini and Otterbein, 2010; Tift et al., 2020). However, the role and regulation of
endogenous CO production and its potential to exert similar effects in species that are naturally
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adapted to chronic hypoxia have not been studied. One of the deepest-diving marine mammals,
NES, produce and maintain CO at concentrations higher than those of cigarette smokers, and
avoid tissue injuries typically seen in other mammals that experience repeated exposure to
hypoxemia and ischemia-reperfusion events (Tift et al., 2014, 2020). Due to the large amount of
evidence demonstrating the cytoprotective role of low to moderate CO exposure in humans and
rodents (Motterlini and Otterbein, 2010), I hypothesized that the high levels of CO previously
measured in NES may be related to expression of genes associated with regulation of oxidative
stress and inflammatory pathways, thus potentially contributing to hypoxia tolerance in this
deep-diving species.
The percent carboxyhemoglobin (COHb) levels increase across ontogeny in NES, from
mean (± s.d.) 7.1 ± 0.3% in pups and 7.6 ± 0.2% in juveniles to 8.7 ± 0.3% in adults (Tift et al.,
2014). Therefore, I hypothesized that tissue-level CO concentrations and expression of genes
associated with CO production and cytoprotection would similarly increase as NES pups
transitioned from a terrestrial lifestyle to elite diving adults. I found that the concentration of CO
in skeletal muscle increased across ontogeny, as predicted from previous measurements of CO in
the blood of NES (Tift et al., 2014). To our knowledge, these are the first measurements of
endogenous tissue CO concentrations reported in a wild mammal. The mean concentrations of
CO measured in skeletal muscle of NES pups (8.5 pmol/mg) resemble mean resting levels of CO
in mice (10 pmol/mg). However, the mean (67.1 pmol/mg) and maximum (133.5 pmol/mg) CO
concentrations seen in adult NES skeletal muscle are more similar to mean concentrations of CO
found in skeletal muscle of humans that died during fires (102 pmol/mg), and much higher than
mean CO concentrations in skeletal muscle of mice that inhaled 500 ppm CO for 30 min (14
pmol/mg) (Vreman et al., 2005, 2006). I believe that there are two possible explanations for
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such high CO concentrations in NES skeletal muscle. First, NES could be producing high
quantities of CO directly in skeletal muscle, as a cytoprotective mechanism to alleviate potential
injuries occurring in a tissue that experiences routine hypoxia and ischemia and reperfusion
events. CO produced in skeletal muscle could directly be acting on other proteins (e.g., cGMP)
to induce cytoprotective effects (Motterlini and Otterbein, 2010). I was unable to determine the
subcellular localization of CO in NES skeletal muscle, but I suspect it is likely bound to a
hemoprotein (e.g., myoglobin or cytochrome) based on the high affinity of CO for heme (Levitt
and Levitt, 2015). NES pups and adults have approximately 10-fold and 17-fold higher
myoglobin concentrations in skeletal muscle, respectively (Thorson and Le Boeuf, 1994;
Hassrick et al., 2010), compared to humans (Möller and Sylvén, 1981). This represents a large
source of heme for HO enzymes to produce endogenous CO. However, this quantity of
myoglobin also represents a large sink to bind free CO delivered to the tissue, thus potentially
inhibiting CO from binding to other critical hemoproteins (e.g., cytochrome-c-oxidase)
(Almeida et al., 2015). A second potential explanation is that CO is being produced in other
tissues (e.g., spleen), and is delivered to the skeletal muscle via blood. NES have the highest
mass-specific blood volume of all mammals, with extremely high hemoglobin concentrations
and hematocrit values (Hassrick et al., 2010). This represents another large heme source which
could be used by HO enzymes to produce endogenous CO as product of erythrocyte turnover. It
has already been established that NES have a significant portion of their hemoglobin consistently
bound to CO (Tift et al., 2014), yet it is not known how much of the gas is being transferred
between blood and muscle. Diffusion of CO from blood into tissues may enable the gas to exert
its potent cytoprotective effects, but it may also have deleterious impacts on oxygen delivery to
the mitochondria. Considering that NES routinely dive for over an hour and spend versy little
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time at the surface recovering from these long duration dives, suggesting minimal production of
anaerobic metabolic byproducts during dives that must be dealt with at the surface (Thorson and
Le Boeuf, 1994; Hassrick et al., 2010), I do not believe their onboard CO concentrations limit
adequate oxygen delivery. Instead, I believe the high quantities of intravascular and
extravascular CO seen in NES likely plays a cytoprotective role to resist injuries to tissues that
routinely experience hypoxia and ischemia and reperfusion events (Tift et al., 2020).
I found that baseline gene expression in skeletal muscle was highly correlated by
function, including (1) protection from lipid peroxidation (mRC1), (2) mitochondrial biogenesis
(mRC2), (3) CO production (mRC3), and (4) regulation of inflammation (mRC4). Gene
expression in peripheral blood cells also clustered by function, including (1) protection from
oxidative stress (bRC1), (2) regulation of inflammation (bRC2), and (3) CO production (bRC3,
HMOX1). Of the genes evaluated in this study, none varied significantly with the duration of
fasting that the animals experienced prior to sample collection. This was surprising due to the
potential oxidative cost of fasting and previous reports of adaptive antioxidant responses in
fasting NES (Ensminger et al., 2021). The ability to detect differences in gene expression
between early and late fasted seals may have been limited by a small sample size and warrants
further investigation.
In skeletal muscle, expression of genes associated with protection from lipid
peroxidation (mRC1: GPX4, PRDX6, PRDX1, SIRT1) was positively correlated with CO and
increased with age, with highest expression in adult male NES. GPX4 and PRDX6 are
antioxidant enzymes that can reduce peroxidized phospholipids and repair damaged cell
membranes, protecting cells from ferroptosis, or death caused by lipid peroxidation (Fisher,
2017; Arevalo and Vázquez-Medina, 2018; Ursini and Maiorino, 2020). PRDX6 has also been
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linked to myogenesis and maintenance of muscle mass during aging in humans and mice
(Pacifici et al., 2020; Soriano-Arroquia et al., 2021), suggesting a potentially similar role in adult
NES. PRDX1, another member of the peroxiredoxin family, has a similar function as GPX4 and
PRDX6, but relies on thioredoxin instead of glutathione as a reductant (Ding et al., 2017).
Consistent with the positive correlation between CO and mRC1 genes in NES, CO
administration and PRDX6 overexpression in mice upregulate SIRT1, a key regulator of energy
homeostasis and longevity that confers protection from lipid-induced inflammation (Pfluger et
al., 2008; Kim et al., 2015; Pacifici et al., 2020). High expression of these genes is likely
adaptive for animals such as NES that have large hemoprotein and lipid stores, high metabolic
rates, and frequently experience ischemia/reperfusion events that can generate reactive oxygen
species (ROS). It may also serve to compensate for the evolutionary loss of paraoxonase-1, a
circulating antioxidant enzyme that protects lipids from oxidation, in marine mammals (Meyer et
al., 2018). Compared to juvenile and adult female NES, adult males typically sustain longer
diving-associated apneas at sea and higher fasting metabolic rates on land (Le Boeuf et al., 2000;
Hassrick et al., 2007; Crocker et al., 2012). Due to their large body size, males also have larger
hemoprotein stores, and thus have a higher potential for liberating the pro-oxidant iron during
heme turnover, which also generates CO. Adult males, but not females, exhibit elevated levels
of lipid peroxidation markers during prolonged fasts associated with breeding (Crocker et al.,
2012; Sharick et al., 2015). Therefore, higher baseline expression of mRC1-associated genes in
adult male NES may confer increased protection to animals that have greater risk for lipid
peroxidation. Further work will be necessary to determine whether CO directly regulates GPX4
and PRDX6 expression in NES.
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Muscle expression of genes involved in mitochondrial biogenesis (mRC2: PGC1A,
ESRRA, ESRRG), which are upregulated by CO in other systems (Rhodes et al., 2009; Chan et
al., 2016; Choi et al., 2016), was highest in NES pups despite age-related increases in HMOX1
expression and CO levels in muscle and blood (Tift et al., 2014). PGC1A, a master regulator of
mitochondrial biogenesis, enhances activity of the orphan estrogen-related receptors ESRRA and
ESRRG, leading to increased endurance capacity and oxidative remodeling of tissues (Rangwala
et al., 2010; Fan et al., 2018). In skeletal muscle, ESRRG is important for long-term exercise
adaptation and ESRRA functions as a mediator of adaptive mitochondrial biogenesis, as it is coexpressed with PGC1A during development and under conditions of physiological stress (Villena
et al., 2007; Giguère, 2008; Rangwala et al., 2010). High levels of PGC1A, ESRRA, and ESRRG
expression may help prime rapidly developing NES for their first trip to sea, e.g., by stimulating
the switch from glycolytic type II muscle fibers predominant in pups to aerobic type I muscle
fibers characteristic of adults (Moore et al., 2014). Expression of mRC2 was higher in female
compared to male NES, potentially due to the influence of sex hormones on mitochondrial
bioenergetics (Sultanova et al., 2020). In humans, estrogen administered following traumainduced hemorrhage increased PGC1A expression and mediated cardioprotection (Murphy and
Steenbergen, 2007). Studies in other systems have shown that low doses of CO administration
(up to 3% COHb) stimulate or activate mitochondrial biogenesis in skeletal muscle by increasing
PGC1A mRNA expression (Rhodes et al., 2009). However, I found that mRC2 expression was
inversely correlated with muscle CO levels and HMOX1 expression in NES, which naturally
experience CO levels of up to 9% COHb (Tift et al., 2014). It is possible that expression of
genes associated with mitochondrial biogenesis is more responsive to rapidly increasing CO
levels in pups during postnatal development than to sustained, high CO levels in adulthood.
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Alternatively, expression of these genes may be decoupled from the CO pathway in NES,
potentially due to their unique metabolic adaptations to prolonged fasting and the role of PGC1A
in promoting lipid oxidation in muscle (Gudiksen and Pilegaard, 2017). However, muscle
PGC1A expression in NES muscle did not vary with fasting state in this or other studies (Wright
et al., 2020), and its role in fasting and diving adaptations of NES requires further investigation.
Expression of genes associated with endogenous CO production (mRC3: HMOX1, BVR,
GPX3, PRDX1) in muscle was positively correlated with the concentration of CO in skeletal
muscle and increased with age, with highest expression detected in adult females. The
breakdown of heme by HO enzymes is the primary source of endogenous CO and biliverdin,
which significantly contribute to antioxidant and anti-inflammatory responses in animals (Jansen
and Daiber, 2012; Canesin et al., 2020). BVR catalyzes the final step of the heme degradation
pathway, converting biliverdin into the potent antioxidant bilirubin (Canesin et al., 2020).
Expression of HMOX1, BVR, and PRDX1 in other species is induced by intracellular free heme
and can confer cytoprotection from injuries associated with hypoxia and ischemia-reperfusion
events (Gozzelino et al., 2010). GPX3 is a selenium-dependent antioxidant enzyme that
scavenges hydrogen peroxide, organic hydroperoxides, and peroxynitrite generated during
normal metabolism or oxidative stress (Chang et al., 2020). It has been shown to confer
cytoprotection on muscle cells exposed to a variety of stressors (Chung et al., 2009; El Haddad et
al., 2012). Similar to PGC1A, GPX3 expression is increased by estrogen (Baltgalvis et al.,
2010). Age-related increases in expression of GPX3 and PRDX1 (as well as GPX4 and PRDX6)
in NES skeletal muscle is consistent with studies in other phocids showing that total GPx and Prx
activity increases with age under basal conditions (Vázquez-Medina et al., 2011c). This suggests
that increases in expression and activity of these antioxidant enzymes is a common feature of
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development of dive capacity in marine mammals. As adult female NES consistently perform
dives above their calculated aerobic dive limit (Hassrick et al., 2010), potentially experiencing
higher rates of oxygen depletion than adult males, elevated expression of genes associated with
mRC3 may enable them to avoid oxidative damage to critical tissues by increasing or simply
maintaining high quantities of endogenous CO and antioxidant enzymes. The expression of
genes in mRC3 was positively correlated with concentration of CO in skeletal muscle, providing
a potential link between HMOX1 expression, CO production, and expression of cytoprotective
factors, which may enable prolonged, deep diving in NES (Tift and Ponganis, 2019). Further
functional studies will be necessary to test this hypothesis, as elevated CO levels in skeletal
muscle of adults, compared to young NES, may simply be a consequence of elevated
concentrations of hemoproteins (e.g., myoglobin), which could serve as a source for CO
production via HO activity or a sink where CO could bind and be stored. Furthermore, a fraction
of endogenous CO is derived from non-heme sources such as lipid peroxidation and the gut
microbiome (Vreman et al., 2001), which warrant further investigation.
I found that muscle expression of genes associated with regulation of inflammation
(mRC4: HMOX2, NRF2, IL1B) was positively correlated with CO levels but did not vary with
age or sex. This result was consistent with reports of constitutive HMOX2 expression in other
systems (Ayer et al., 2016). HO-2 has been shown to play a critical role in inflammatoryreparative regulation, oxygen sensing, cytoprotection, and evolutionary adaptation to high
altitude in humans (Seta et al., 2006; Simonson et al., 2010; Yang et al., 2016). Knockdown of
HMOX2 expression in mice aggravated corneal inflammatory damage and impaired angiogenesis
and overall HO activity (Bellner et al., 2008). In laboratory rats, CO released by the
pharmacological CO-releasing agent CORM-2 alleviated chronic inflammation in the gastric
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mucosa by accelerating healing and repairing mechanisms, which are intracellularly mediated by
Nrf2 (Magierowska et al., 2019). Nrf2 activation, in response to ROS, leads to the transcription
of genes, including HMOX1, that are involved in protection from oxidative stress induced by
inflammation (Hennig et al., 2018).
Administration of CO and overexpression or activation of Nrf2, HO-1, and HO-2 have
been shown to inhibit IL-1β production in mouse studies (Muñoz-Sánchez and Chánez-Cárdenas,
2014; Kobayashi et al., 2016; Dugbartey, 2021). Oxidative stress- mediated activation of the
Nod-like receptor protein 3 (NLRP3) inflammasome was also associated with increased
expression of NRF2, HMOX1, and IL1B in humans with osteoarthritis (Chen et al., 2019). The
positive correlation between CO levels and NRF2, HMOX2, and IL1B expression in NES muscle
suggests that NRF2 and HMOX2 may be upregulated (and, consequently, CO produced) in
conditions of high IL1B expression, potentially as an adaptive mechanism to ameliorate
oxidative damage caused by inflammation. Alternatively, these genes may serve to regulate
functions other than (or in addition to) regulation of inflammation in NES muscle. For instance,
IL-1β has been shown to stimulate myoblast proliferation in response to muscle injury in mice
(Otis et al., 2014) and to augment glucose uptake in skeletal muscle in response to exercise
(Tsuchiya et al., 2018). Nrf2 has also been shown to reduce lipid accumulation and oxidative
damage in mice with hepatic steatosis (Upadhyay et al., 2020). Recent studies in humans have
linked HMOX2, Nrf2, and IL-1β with insulin resistance and obesity (Li et al., 2012, 2020; Crilly
et al., 2016; Tan et al., 2018; Yao et al., 2020), which are two characteristics exhibited by fasting
NES (Houser et al., 2013). Evidently, more research is needed to understand the link between
CO and IL1B expression in diving, fasting-adapted mammals. Two caveats of our study include
the measurement of mRNA levels, rather than cytokine protein secretion, and the measurement
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of gene expression under baseline, rather than inflammatory conditions. This makes it
challenging to decipher the relationship between CO and inflammatory markers in this system.
Ultimately, it would be interesting to see whether CO administration would decrease IL-1β
production in seal cells in functional experiments.
This study is the first to examine gene expression in whole blood of NES, which contains
primarily circulating lymphocytes and monocytes (PBMCs) (He et al., 2019). I hypothesized
that exposure of PBMCs to fluctuating oxygen tension during apneas in NES would stimulate
adaptive responses in this diving-adapted species (Stockard et al., 2007; Vázquez-Medina et al.,
2011a; Tift et al., 2013), upregulating HMOX1 expression and local CO production and
regulating expression of pro-inflammatory cytokines. Due to the potent anti-inflammatory
effects of CO reported in laboratory species, I predicted that HMOX1 expression would be
negatively correlated with pro-inflammatory markers and positively correlated with antiinflammatory cytokines. In a previous study, exposure of mice to low CO concentrations under
inflammatory conditions inhibited production of TNF-α, MIP-1β, and IL-1β and induced
expression of IL10 via a p38 MAPK-dependent mechanism (Ryter, 2020). CO also significantly
suppressed lipopolysaccharide (LPS)- induced NADPH oxidase-dependent ROS generation in
mouse macrophages by inhibiting TLR4 and its downstream signaling pathways (Nakahira et al.,
2006). Contrary to our predictions, HMOX1 expression in blood did not vary by age and loaded
onto a separate component (bRC3) that was not associated with any inflammatory markers.
These data suggest that baseline HMOX1 expression in PBMCs may be low and potentially
decoupled from regulation of the markers tested in this study in a hypoxia- tolerant mammal.
Baseline variability in HMOX1 expression may also not reflect HO-1 enzyme abundance,
activity, and role in immune, redox, and metabolic homeostasis under conditions of hypoxia-
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related inflammation or injury, which are rarely experienced by marine mammals (Allen and
Vázquez-Medina, 2019). Further work will be necessary to elucidate the effects of CO on
inflammatory signaling in marine mammals, especially since a recent study suggested that serum
from NES and Weddell seals possessed intrinsic anti-inflammatory properties, the source of
which has not yet been identified (Bagchi et al., 2018).
HMOX2 expression in whole blood of NES was positively correlated with three proinflammatory cytokines (TLR4, CCL4, TNFA) and the antioxidant PRDX1 (bRC1). Their
expression was higher in pups compared to adults, despite the fact that older animals dive longer
and deeper than juveniles and experience significant blood O2 depletion during routine dives
(Meir et al., 2013), a condition that would trigger inflammation in humans or rodents (Allen and
Vázquez-Medina, 2019). Higher bRC1 expression in young NES may reflect preconditioning
responses to diving during postnatal development. During the post-weaning period, NES pups
rapidly increase the duration spent submerged in shallow water along with the duration of sleep
apneas on land, increasing their exposure to hypoxia (Blackwell and Boeuf, 1993). Repeated
apneas in NES pups have been shown to potentiate mechanisms associated with protection from
oxidative stress, including upregulation of hypoxia inducible factors (HIFs) (Vázquez-Medina et
al., 2011a). The correlation between TLR4 and PRDX1 expression in NES blood is consistent
with studies in mice that have shown that PRDX1, which is upregulated in response to ischemiareperfusion, serves as an endogenous ligand for TLR4 (Liu and Zhang, 2019). Furthermore, the
interaction between PRDX1 and TLR4 in human cancer cells was shown to upregulate HIF-1α
(Riddell et al., 2012), a master regulator of adaptive responses to hypoxia that is highly
expressed in NES tissues (Allen and Vázquez-Medina, 2019). The negative correlation between
PRDX1 expression in skeletal muscle and blood observed in this study highlights its complex,
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cell type-dependent functions in animals (Hopkins and Neumann, 2019), e.g., regulation of
inflammatory signaling in PBMCs and lipid peroxidation in skeletal muscle. Data from this this
study suggest that postnatal development in a deep-diving mammal may involve priming the
immune system by upregulating the oxygen sensor HMOX2 and inflammatory markers that
induce adaptive responses to hypoxia.
Lastly, I found that expression of anti-inflammatory and antioxidant markers (IL10,
NRF2, BVR) in NES blood was positively associated with expression of pro-inflammatory
markers (IL1B, TLR4). While this may seem paradoxical, recent studies have suggested that
relationships between pro- and anti- inflammatory responses in mammals are extremely complex
(Kowsar et al., 2019). For instance, IL10 and IL1B are co- expressed under pathophysiological
and physiological conditions in bovine cells (Kowsar et al., 2019), and IL-10 was recently shown
to possess pro-inflammatory properties (Mühl, 2013). While primarily considered a proinflammatory marker, IL-1β also influences insulin secretion and insulin resistance in mice (Dror
et al., 2017), and could therefore play a primarily metabolic role in fasting-adapted NES, which
display insulin resistance (Champagne et al., 2012). The correlation between BVR and IL10
expression in NES blood is consistent with data from other studies showing that BVR
upregulates IL10 by activating PI3K-Akt (Wegiel and Otterbein, 2012). However, BVR also
directly inhibits TLR4 expression (Medzhitov, 2001; Wegiel and Otterbein, 2012), while Nrf2 is
known to suppress IL1B (Campbell et al., 2021). Co-expression of these factors in NES blood
suggests a complex interplay of hormetic responses in a hypoxia-adapted mammal that warrant
further mechanistic investigation.
This is the first study to measure tissue CO levels in any wild animal, and to report
expression of genes associated with endogenous CO production and signaling in blood and
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muscle of a deep-diving phocid species across ontogeny. As such, it provides a number of
hypotheses for further exploration of natural hypoxia tolerance in mammals. I propose that
upregulation of baseline HMOX1 expression in skeletal muscle of NES may, in part, underlie
developmental increases in CO levels and expression of genes encoding cytoprotective factors
such as antioxidant enzymes, several of which are involved in protection from lipid peroxidation.
HMOX2 may play a role in regulating inflammation related to ischemia and reperfusion in
muscle and PBMCs of NES. These data propose putative ontogenetic mechanisms that may
enable phocid pups to transition to a deep- diving lifestyle. These include high expression of
genes associated with mitochondrial biogenesis in muscle and potential immune system
activation during postnatal development and age-related increases in expression of genes
associated with protection from lipid peroxidation in adulthood. Functional studies, such as in
vitro manipulations of CO levels and HO expression and activity will be necessary to determine
the nature of the relationship between the CO/HO pathway and cytoprotective factors in diving
mammals.
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CHAPTER 3: TRANSCRIPTOMIC AND PROTEOMIC RESPONSES IN TRANSLOCATED
ELEPHANT SEALS

Introduction
Regulating changes in energy intake and expenditure to meet the increased energetic
demands of exercise and maintain metabolic homeostasis presents a challenge for cells, tissues,
and organs (Hargreaves and Spriet, 2020). A series of metabolic and cellular mechanisms during
exercise mediate key physiological adaptive responses that are critical for producing and
supplying skeletal muscle with enough fuel and oxygen (O ) to sustain physical activity
2

(Hargreaves and Spriet, 2020). Metabolic changes in response to aerobic exercise, such as
increased glycogenolysis and activity of lipoprotein lipase (LPL) and TCA cycle enzymes,
enhance the capacity of muscle to take up and oxidize glucose and fatty acids from the
bloodstream in response to aerobic exercise (Egan and Zierath, 2013). Diving mammals display
remarkable exercise performance when foraging as they have the capacity to routinely maintain
aerobic metabolism under hypoxic conditions (Meir et al., 2009). The northern elephant seal
(Mirounga angustirostris; NES) is an exceptional diver among this group, conducting up to 2 hlong dives to depths of up to 2000 m without resurfacing (Robinson et al., 2012). More than half
of the blood O supply in NES is depleted during routine dives > 10 min in duration during
2

transit, foraging, and drift diving (Meir et al., 2013). Despite the decrease in blood oxygen
supply, NES rely primarily on lipid-based aerobic metabolism to sustain physical activity while
diving; however, the coordination of metabolic and cellular mechanisms supporting their aerobic
metabolism during hypoxia is unresolved (Chicco et al., 2014; Davis, 2014; Trumble and
Kanatous, 2012).
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NES likely rely on the mobilization of large lipid stores and catabolism of fatty acids to
provide energy to exercising muscle while diving, which is evidenced by the lower aerobic
mitochondrial capacity observed in their skeletal muscle relative to humans (Kjeld et al., 2018).
During light-intensity aerobic exercise in humans, non-esterified fatty acids (NEFA) released
from adipose tissue during lipolysis serve as the main substrate for skeletal muscle metabolism,
while glucose (obtained via muscle and liver glycogenolysis) and some NEFA from adipose
tissue and fat droplets are utilized as a substrate during higher-intensity aerobic exercise (Hawley
et al., 2014). NEFA are converted to fatty acyl CoA and transported to the mitochondria, and
broken down to acetyl CoA via beta-oxidation, and oxidized in the TCA cycle and the electron
transport chain to generate ATP (Hargreaves and Spriet, 2020). Adipose tissue is widely
recognized as a critical regulator of energy homeostasis in mammals and is a metabolically
active fuel source for energy-intensive life stages in NES, including fasting and lactation
(Khudyakov et al., 2022). Specifically, mobilization of large lipid stores and beta-oxidation of
fatty acids are a critical fuel source for meeting the energetic demands of fasting in NES
(Champagne et al., 2012). Remarkably, previous studies have shown that NES skeletal muscle
mass and function remain well-preserved during prolonged fasting, despite the substantial loss of
body fat (Worthy et al., 1992; Wright et al., 2020).
Despite such advances in understanding O and energy management while diving, the
2

cellular and molecular mechanisms underlying the role of fat stores in fuel provisioning in
skeletal muscle during diving remain elusive. In this study, I used molecular approaches,
including transcriptomics and proteomics, to evaluate the effects of exercise across two
metabolically active tissues (blubber and skeletal muscle) in juvenile NES before and after
diving. Tissue samples were collected from three juvenile NES before they were translocated

60
from their colony at Año Nuevo State Reserve, Santa Cruz, California, and following their return
to Año Nuevo State Reserve or a neighboring colony, performing several dives over the course
of a few days on their return to land. I hypothesized that genes and proteins associated with
insulin sensitivity and lipid transport, catabolism, and oxidation would increase in response to
the experiment based on known physiological responses that regulate energy intensive lifehistory stages in NES (Houser et al., 2013; Khudyakov et al., 2022). I found that while the
blubber proteome remained stable, over 60 genes were differentially expressed in response to
translocation. In muscle, 3 transcripts and 7 proteins were altered in abundance in response to
translocation. Together, these markers were associated with regulation of energy homeostasis
and glucose and lipid catabolism. Many of the genes and proteins I identified have not been
previously studied in NES, and further provide intriguing hypotheses to be examined in the
future concerning metabolic adjustments that regulate energy balance and exercise performance
during breath holds in diving mammals.
Methods
Study Subjects
All animal handling procedures were conducted under protocols approved by Sonoma
State University Institutional Animal Care and Use Committee and National Marine Fisheries
Service permit no. 19108. Using the translocation method (Andrews et al., 1997; Oliver et al.,
1998), three juvenile NES (0.8 – 1. 8 year-old; 1 female and 2 males) were sampled at Año
Nuevo State Reserve (San Mateo County, CA, United States) in Fall 2019 during the haul-out, a
brief period (~ 3 months) that is not characterized by extensive fasting (Jelincic et al., 2017).
Seals were captured at Año Nuevo State Reserve, instrumented with satellite tags, time-depth
recorders (TDR), Sea Mammal Research Unit (SMRU) experimental body composition tags, and
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radio transmitters to facilitate recovery, and then transported by ship for offshore release. Seals
were released at sea, 36. 6 N -122.5 W, and recovered on the beach at San Simeon (Seal 1), Point
Reyes National Seashore (Seal 2), and Año Nuevo State Reserve (Seal 3). Blood samples and
blubber and muscle biopsies were collected at deployment (“pre” samples) and recovery (“post”
samples; Table 6).
Sample Collection
Collection of skeletal muscle (n = 3 “pre-translocation”; n = 3 “post-translocation”) and
blubber (n = 3 “pre-translocation”; n = 3 “post-translocation”) prior to deployment and during
recovery was conducted after study animals were anesthetized as previously described in Chapter
1 [pg. 21]. Skeletal muscle and blubber samples were obtained from the posterior flank of each
animal using a 6.0-mm diameter biopsy punch (Integra Miltex). Blubber and muscle tissue
samples were cut to separate pieces, placed in cryovials, preserved in RNAlater Stabilizing
TM

Solution (1. 0 mL; Invitrogen, United States), and stored on dry ice until arrival at the laboratory,
where samples were stored at -80°C until further processing.
RNA Isolation
After removing RNAlater , blubber and muscle tissues were minced using a scalpel on
TM

dry ice and homogenized by bead beating in 1 mL of Qiazol (Qiagen, United States; ~100 mg
blubber per 1 mL) or TRIzol Reagent (Life Technologies, United States; ~50 mg muscle per
1mL). Subsequent to homogenization, RNA isolation and purification steps were performed as
previously described in Chapter 1 [pg. 22-23]. RNA quantity and quality were determined as
described in Chapter 1 [pg. 23]. Mean (± SD) RNA integrity numbers (RIN) for blubber and
muscle samples were 6.36 ± 0.87 and 9.31 ± 0.24, respectively. A set of blubber RNA samples
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from one seal (Seal 3 pre and post) were not used for RNA sequencing due to low integrity
(RINs < 6).
Library Preparation and Sequencing
cDNA library preparation and Illumina HiSeq 4000 sequencing were conducted at the
University of California, Berkeley QB3 Vincent J. Coates Genomics Sequencing Laboratory
using previously described methods (Deyarmin et al., 2019). cDNA was sheared into 400-500
bp fragments and used for sequencing. Blubber and muscle samples generated a total of 197.1
and 340.2 million sequences, and a mean (± SD) of 16.8 ± 1.5 and 12.4 ± 1.8 million paired-end
150 bp reads per sample, respectively. Sequencing data were converted from bclfiles to
compressed fastq files using Illumina’s supported CASAVA bcl2fastq2 v2.20 program. Raw
sequences were processed by running quality control (QC) on the fastq files using FastQC
v0.11.9 before further analysis.
De novo Transcriptome Assembly
RNAseq data analyses were performed using the Extreme Science and Engineering
Discovery Environment (XSEDE) on the Bridges 2 Large High-Performance Computing Cluster
(Towns et al., 2014) at the Pittsburgh Supercomputing Center (allocation TG-IBN150010).
Blubber and muscle transcriptomes were assembled using the Trinity v2.13.2 pipeline (Grabherr
et al., 2011; Haas et al., 2014). Raw sequencing (fastq) files were trimmed to remove
sequencing adapters and low-quality ends using Trimmomatic run in Trinity with default
settings. Blubber and muscle transcriptomes were assembled de novo subsequent to in silico
read normalization using Trinity, as previously described (Deyarmin et al., 2019).
Transcriptome completeness and redundancy were evaluated using BUSCO v5.2.2 with the
vertebrata dataset (downloaded on 12/28/2021) (Manni et al., 2021).
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Transcript Abundance
Quantification of transcript abundance from trimmed paired reads was conducted using
Salmon v1.6.0 (Patro et al., 2017) in the alignment-free mode.
Differential Gene Expression Analyses
Differential gene expression analyses were conducted at the gene level using tximport
v1.22.0 (Soneson et al., 2015) and DEseq2 v1.34.0 (Love et al., 2014) Bioconductor packages in
R v4.1.2 (R Core Team, 2016; 2019). Before running DESeq2, independent filtering by
expression level was conducted to remove genes with low counts (TPM < 10 in fewer than 3
samples). A general linear model (GLM) was used to examine differences in gene expression
between samples while controlling for study subjects to account for repeated sampling (design =
~ subject + treatment). Pairwise comparisons between sampling conditions (pre and post
translocation) for the various tissue types were run with an adjusted p-value (BenjaminiHochberg Method) cutoff of 0.05 and log2 fold-change cutoff of 1. 0.
Annotation of Differentially Expressed Genes
Sequences of differentially expressed genes (DEGs) were extracted from the Trinity
assembly using the subseq function in SEQTK software v1. 3-r106 (Shen et al., 2016). Blubber
and muscle DEGs were annotated by BLASTX against the UniProtKB/SwissProt protein
sequence mammalia database (downloaded on 2/20/2022) using DIAMOND v2.0.13 annotation
software (Buchfink et al., 2021) with an e-value threshold for significant matches of 1e-3 and the
--ultra-sensitive option. DEGs that did not have any hits the UniProtKB/SwissProt database
were manually annotated against the NCBI Refseq RNA database using NCBI BLASTN v2.12.0
﹢ with an e-value cutoff of 1e-10. Functional annotation of DEG lists was conducted using
Enrichr and the KEGG and WikiPathways databases (Xie et al., 2021). Pathways were
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considered significantly enriched in the DEG set relative to the human genome background at
adjusted p < 0.05 (Benjamini-Hochberg correction).
Protein Isolation and Denaturation
Blubber and muscle tissue were homogenized as described above [pg.57]. Proteins
remaining in the organic phase after RNA and DNA removal were precipitated using 100%
isopropanol. Protein pellets were washed using 0.3 M guanidine hydrochloride in 95% ethanol
and solubilized in denaturing solution (5% w/v sodium deoxycholate (SDC) and 5 mM tris(2carboxyethyl) phosphine HCl (TCEP) in 50 mM ammonium bicarbonate (AmBiC)) by several
rounds of sonicating. Samples were then vortexed for 1 hour at room temperature to ensure
complete resuspension of proteins and denatured at 60°C for 1 hour.
Protein Alkylation and Digestion
Proteins were alkylated using freshly prepared 20 mM chloroacetamide (CAA) for 30
minutes in the dark at room temperature and quenched with TCEP added to a final concentration
of 5 mM. Samples were diluted with 50 mM AmBiC to reduce SDC concentration to 1% w/v
for trypsin digestion. Before trypsin digestion, protein concentrations were estimated using the
bicinchoninic acid (BCA) assay (Thermo Scientific, USA). Protein samples were assayed in
duplicate and interpolated to the standard curve (R =0.99, third-order polynomial fit) using
2

Prism 9 (GraphPad, USA). Proteins (150 µg of each sample) were digested using Trypsin
Protease Mass Spectrometry Grade (Thermo Scientific, USA) at 1:50 µg trypsin to protein ratio
at 37°C for 18 hours. Trifluoroacetic acid (TFA) was added to digested proteins to a final
volume of 1% v/v to inactivate trypsin and precipitate SDC.
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Desalting, Lyophilization, and Dilution
After digestion, peptides were lyophilized and desalted using the Pierce Peptide
Desalting Spin Columns (Thermo Scientific, United States) according to the manufacturer’s
protocol, with the addition of passing peptides over the column three times prior to washing.
Eluted peptides were lyophilized and resuspended in 0.1% formic acid in LC/MS-grade water.
Resuspended peptides were diluted with 50 mM AmBiC and quantified using the Pierce
Quantitative Colorimetric Peptide Assay (Thermo Scientific, United States). Diluted blubber
and muscle peptides were assayed in duplicate (mean CV = 1.00%) and interpolated to the
standard curve (R =0.99, third-order polynomial fit) as described above. Peptides were diluted
2

to 150 ng/µl with 0.1% formic acid in LC/MS-grade water for LC-MS/MS.
LC-MS/MS
Peptide samples were assayed in three technical replicates. Five µL of each sample were
loop injected by a Dionex Ultimate 3000 autosampler onto a reversed-phase trap column
(Acclaim PepMap 100 C18 LC column; 75 µm i.d. × 2 cm, 3 µm particle size, 100 A pore size,
Thermo Fisher Scientific, United States). For HPLC, peptides were eluted onto a reversedphase analytical column (EASY-Spray C18 LC column; 75 µm i.d. × 15 cm, 100 A, Thermo
TM

Fisher Scientific, United States) at 35°C. Solvents A (water) and B (acetonitrile) both contained
0.1% formic acid. Solvent B was used as follows in the chromatographic run: 3% for 5 min, 3%28% for 75 min, 28%-45% for 25 min, 45%-95% for 5 min, 95% for 5 min, return to 3% for 5
min, followed by 2% for 25 min. Flow rates were maintained at 300 nl/min with each
sequencing run set to 140 minutes. Mass spectrometry analysis was performed using Orbitrap
Fusion Tribrid mass spectrometer equipped with an EASY-Spray ion source (Thermo Fisher
TM

TM

Scientific, United States) operated in a data dependent acquisition (DDA) manner by Xcalibur
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4.0 software (Thermo Fisher Scientific, United States). MS1 spectra were resolved by the
orbitrap as follows: resolution of 120,000, scan range of 200-1400 m/z, RF lens of 60%, AGC
target of 1.0e6, and max injection time of 50 ms. DDA was used to select precursor ions which
were isolated by the quadrupole and fragmented using HCD collision energy (28% ± 3%).
Similarly, MS2 product ions were resolved by the orbitrap with resolution of 30,000, AGC target
of 5.0e5, first mass of 100 m/z, and max injection time of 150 ms.
MS/MS Data Analysis
Protein identification and label-free quantification were conducted using MaxQuant
v1.6.14.0 with default settings. Muscle and blubber proteomes were analyzed separately.
Technical replicates for each biological replicate were analyzed as a single “experiment”. The
“match between runs” function was used with a matching time window of 0.7 minutes and
alignment time window of 20 minutes. Peptide spectra were searched using MaxQuant’s
Andromeda search engine against the UniProtKB Mammalia database containing 67, 500 entries
(Taxonomy ID: 40674, downloaded on December 22, 2021) and the MaxQuant contaminant
database. Carbamidomethylation C was selected as a fixed modification and oxidation (M) and
deamidation (NQ) were selected as variable modifications (maximum number of modifications
per peptide = 3). False discovery rate (FDR) was determined by searching the reversed
Mammalia and contaminant databases. Peptide hits with FDR < 1% were retained and hits to
contaminant or reversed databases were removed for downstream analyses. Protein
quantification was conducted based on precursor ion intensity using the MaxLFQ algorithm in
MaxQuant. Protein abundance values were calculated as the median of three technical
replicates. Razor and unique peptides were included for quantification; a minimum ratio of 2
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was allowed for quantification. FastLFQ normalization was conducted with the “stabilize large
LFQ ratios” and “require MS/MS for LFQ comparisons” options.
Differential Protein Abundance Analyses
All protein abundance analyses were conducted in R v4.1. 2 (R Core Team, 2016; 2019).
Proteins with one or more unique peptides and that had less than two missing values per
sampling group (i.e., pre, post) were used for further analyses. Label-free quantification (LFQ)
abundance values were log2 transformed and imputed using nni function in the pcaMethods
v1.86.0 Bioconductor package (Stacklies et al., 2007) with k = 150. Differential abundance
analyses were conducted using Limma v3.50.0 Bioconductor package (Ritchie et al., 2015). The
intensity-based Bayesian approach was examined using eBayes function in Limma. Proteins
with ratio abundance values above 1. 2-fold or below 0.8-fold between groups were considered
differentially abundant at adjusted (Benjamini-Hochberg) p < 0.1. Protein abundance data were
summarized using heatmaps with the pheatmap R package (Kolde, 2019) with complete
clustering of rows by Euclidean distance. Functional enrichment analysis of differentially
abundant proteins was performed using the Enrichr tool (Chen et al., 2013; Kuleshov et al.,
2016) and the human WikiPathways 2021 database (Slenter et al., 2018). Pathways were
considered significantly enriched relative to the human proteome background at adjusted p <
0.05.
Results
Blubber and Muscle Transcriptome Assemblies
After seals were translocated away from their rookery, they swam 194.7 km over 4 days
(seal 1), 140 km over 1 day (seal 2), and 54.7 km over 19 hours (seal 3) (Table 6). RNA isolated
from blubber and muscle samples was sequenced and used to produce de novo transcriptome
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assemblies for each tissue. For the muscle transcriptome, I assembled a total of 1.39 billion
bases into 875,287 contigs (“transcript isoforms”) and 550,672 genes (Table 7). For the blubber
transcriptome, I assembled a total of 1.98 billion bases into 1.23 million contigs and 756,185
genes (Table 7).

Table 6
Morphometric and Transit Data for Juvenile Elephant Seals used in the Study
Sample
ID

Sex

Seal 1

Mass
(kg)

Total Time in
Transit

Approximate
Distance
(km)

Time: End of Dive to Sample
Collection

Female 162

4 days, 22 h, 15
min

194.7

22 h, 45min

Seal 2

Male

118

1 day, 22 h, 40
min

140

24 h, 47 min

Seal 3

Male

109

19 h, 37 min

54.7

2 days, 3 h, 52 min

Note. Approximate Distance: Estimated Straight-Line Distance Between Release and Recovery
Locations. Calculated using NOAA Latitude/Longitude Distance Calculator.

Table 7
Northern Elephant Seal Blubber and Muscle De Novo Transcriptome Assembly Metrics
Metric

Blubber

Muscle

Mean (± SD) unique reads per sample

16.8 ± 1.5 million

12.4 ± 1.8 million

Assembled bases

1.99 billion

1.39 billion

Assembled contigs (transcripts)

1.23 million

875,287

Total trinity genes

756,185

550,672

Median transcript length

554 bp

553 bp

Complete vertebrata BUSCOs

90.3%

91.2%
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Complete and single-copy vertebrata BUSCOs

14.5%

30.9%

Complete and duplicated vertebrata BUSCOs

75.8%

60.3%

Fragmented vertebrata BUSCOs

4.9%

3.3%

Missing vertebrata BUSCOs

4.8%

5.5%

Note. BUSCOs: Benchmarking Universal Single-Copy Orthologs.

Assembly completeness and redundancy were assessed using a search for vertebrata
Benchmarking Universal Single-Copy Orthologs (BUSCOs). Of 3,354 vertebrata BUSCOs in
the OrthoDB10 catalog, > 90% were present as complete orthologs, while only < 6% were
missing from blubber and muscle assemblies (Table 7). The BUSCO data suggest that both
muscle and blubber assemblies are reasonably complete, containing a majority of orthologs
predicted to be expressed in all vertebrates, but contain many redundant transcripts (> 60%
duplicated BUSCOs), which is common for de novo assemblies (Haas et al., 2013).
Effects of translocation on blubber and muscle transcriptomes. Sequencing data
from muscle of seal 3 were omitted from the analyses to reduce biological variability caused by
the sampling design (i.e., samples from seal 3 were collected over 2 days after its last dive)
(Table 6). Six genes were differentially expressed in muscle in response to translocation, three
of which were annotated. In blubber, 120 genes were differentially expressed in response to
translocation, 69 of which were annotated (Figure 14 and Figure 15).
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Figure 14. Volcano plot showing log2 fold change (x-axis; cutoff = 1) and significance (-log 10
*adjusted p-value; y-axis; cutoff = p < 0.05) of genes differentially expressed in blubber of two
juvenile NES in response to translocation. Genes that were significantly upregulated and
downregulated are depicted in orange and blue, respectively.
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Figure 15. A heatmap showing relative scaled expression of blubber genes that were increased
and decreased in response to translocation in two juvenile NES. Genes were clustered by
expression level (Euclidean distance). Relative expression is illustrated by gradients of orange
(upregulated) and blue (downregulated), and white (no change).

DEGs that were not annotated (blubber: 51, muscle: 3) had hits to uncharacterized regions of
marine mammal genomes or to poorly characterized regions of genomes of other mammals (e.g.,
dog), warranting further investigation for functional insight. Two Gene Ontology (GO)
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biological process categories were significantly enriched (adjusted p < 0.05) in the blubber DEG
list: negative regulation of cytokine production and triglyceride metabolic process. Two KEGG
categories that were significantly enriched (adjusted p < 0.05) in the blubber DEG included
complementary system and coagulation cascades and apelin signaling pathway (Tables 8 and
9).
The remaining unique annotated blubber and muscle DEGs were manually categorized
based on known functions in other mammals (primarily human and mouse) using literature
review to gain insight on their potential roles in the physiological response to diving (Tables 8
and 9). Genes that were upregulated in blubber (n = 48) included those involved in regulation of
inflammation and immune responses (CD209, P2RX1, CD72, ITGAX, CLEC4G, SFRP3,
PCSK6, TREM2, APOD, FI3A1, CPXM2, VSIG4), glucose metabolism and insulin sensitivity
(SFRP4, OGN, PROKR2, IGFBP2), lipid binding and transport (APOD, ABCA6, CD1E,
ABCA8, ABCA10), adipogenesis (TREM2, DLK1, SCARA5), lipid metabolism (DLK1,
SFRP4, PI16, ENPP6, ABCA8, ABCA10), and regulation of energy balance, including
thermoregulation (PROKR2). Downregulated genes in blubber (n = 21) were associated with
immune responses (TNFRSF18), lipid metabolism (BCL11A, NRIP3, MOGAT2, AGR2, APLN,
ADCY1, DOCK6, FABP9), energy balance (VGF, MOGAT2), and lipid mobilization (VGF,
ADCY1, APLN). Other differentially expressed genes were associated with ECM remodeling,
acid-base homeostasis, craniofacial development, protein synthesis and transport, DNA repair,
myofibrillogenesis, embryonic development and cell differentiation.
Upregulated genes in muscle (ADIPOQ, ADIRF, TFRC) were functionally associated
with anti-inflammatory responses, glucose metabolism and insulin sensitivity, adipogenesis, lipid
metabolism, and JNK signaling pathway shown in mouse and human laboratory studies.
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Table 8
Genes Differentially Expressed in NES Blubber in Response to Translocation
Official Gene
Symbol
Gene Name

Log2FC Known Pathways/Functions

VSIG4

V-set and immunoglobulin domaincontaining protein 4

5.69

Anti-inflammatory signaling

TREM2

Triggering receptor expressed on
myeloid cells 2

5.67

Inflammatory response, novel
regulator of adipogenesis

DLK1

Protein delta homolog 1

5.57

Inhibitor of adipogenesis

CD209

CD209 antigen-like protein 2

4.85

Immune/inflammatory response

F13A1

Coagulation factor XIII A chain

4.78

Inflammatory response

SFRP4

Secreted frizzled-related protein 4

4.69

Glucose and lipid metabolism

APOD

Apolipoprotein D

4.62

Lipid binding and transport,
antioxidant properties

PI16

Peptidase inhibitor 16

4.56

Lipid metabolism

OGN

Mimecan

4.42

Glucose metabolism

CPXM2

Inactive carboxypeptidase-like protein
X2
4.39

Inflammatory response

CLEC4G

C-type lectin domain family 4 member
G
4.37

Immune/inflammatory response

ABCA6

ATP-binding cassette sub-family A
member 6

4.36

Lipid transport and metabolism

ITGAX

Integrin alpha-X

4.00

Marker of metabolic inflammation

ENPP6

Glycerophosphocholine
cholinephosphodiesterase ENPP6

3.91

Lipid degradation and metabolism

CD1E

T-cell surface glycoprotein CD1e,
membrane-associated

3.89

Lipid transport and lipid
immunoediting

SCARA5

Scavenger receptor class A member 5 3.88

Novel mediator of adipogenesis

IGFBP2

Insulin-like growth factor-binding
protein 2

3.87

Glucose and fatty acid metabolism

CD72

B-cell differentiation antigen CD72

3.83

Immune/inflammatory response

P2RX1

P2X purinoceptor 1

3.82

Immune/inflammatory response

SFRP3

Secreted frizzled-related protein 3

3.65

Immune/inflammatory response

ABCA8

ABC-type organic anion transporter
ABCA8

3.60

Lipid transport and metabolism

PCSK6

Proprotein convertase subtilisin/kexin
type 6
3.54

Inflammatory response
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PROKR2

Prokineticin receptor 2

3.52

Energy balance, thermoregulation,
glucose metabolism

ABCA10

ATP-binding cassette sub-family A
member 10

3.50

Lipid transport and metabolism

BCL11A

B-cell lymphoma/leukemia 11A

-3.40

Lipid metabolism

VGF

Neurosecretory protein VGF

-3.67

Lipid mobilization and energy balance

NRIP3

Nuclear receptor-interacting protein 3

-3.88

Lipid metabolism

MOGAT2 2-acylglycerol O-acyltransferase 2

-4.06

Lipid metabolism

FABP9

Fatty acid-binding protein 9

-4.09

Regulates fatty acid metabolism

ADCY1

Adenylate cyclase type 1

-4.37

Insulin sensitivity and lipolysis

APLN

Apelin

-4.66

Insulin sensitivity and lipolysis,
mediator of cardiovascular control

AGR2

Anterior gradient protein 2 homolog

-4.88

Lipid metabolism

Tumor necrosis factor receptor
TNFRSF18 superfamily member 18

-5.72

Regulates immune response via NFkappa-B activation

DOCK6

-7.37

Lipid metabolism

Dedicator of cytokinesis protein 6

Table 9
Genes Differentially Expressed in NES Muscle in Response to Translocation
Official Gene
Symbol

Gene Name

Log2FC Known Pathways/Functions

ADIPOQ

Adiponectin

3.12

Regulation of fatty acid oxidation, lipid metabolism
and insulin sensitivity

ADIRF

Adipogenesis
regulatory factor

3.11

Lipid metabolism, regulates adipogenesis

TFRC

Transferrin receptor
protein 1

2.75

Acts a lipid sensor that regulates mitochondrial
fusion via JNK signaling pathway

Blubber and Muscle Proteomes
Next, I assessed the blubber and muscle proteome responses to translocation in the same
study animals. I identified 4,084 peptides and 1,031 proteins in blubber and 3,390 peptides and
844 proteins in muscle (Table 10).
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Table 10
Northern elephant Seal Blubber and Muscle Proteome Metrics
Metric

Blubber

Muscle

MS/MS Spectra

488,840

486,008

Peptide Spectra Matches (PSM)

132,755

175,815

Identified Peptides

4,084

3,390

Protein Groups (≥ 1 unique peptides)

1,031

844

Effects of translocation on blubber and muscle proteomes. I identified 7 differentially
abundant proteins (DAPs) in muscle in response to translocation, all of which decreased in
abundance in post- compared to pre-translocation samples (Table 11 and Figure 16). I did not
identify DAPs in blubber in response to translocation. Manual UnitProt database and literature
searches were used to identify known functions of muscle DAPs and predict their roles in muscle
in response to translocation. DAP identifications and functions are displayed in Table 10. DAPs
were associated with calcium ion (Ca2+) and skeletal muscle contraction regulation (TNNT1,
CASQ1), and antioxidant (HB) and inflammatory responses (HSP90AA, IG).

Table 11
Differentially Abundant Proteins (adjusted p < 0.1) Identified in NES Muscle in Response to
Translocation
UnitProt
Accession

Protein ID

Official Gene Log2 Fold
Symbol
Change
Known Pathways/Functions

Q75ZZ6

Troponin T, slow
skeletal muscle TNNT1

-2.39

Regulates calcium-sensitivity and
skeletal muscle contraction and
relaxation

Q9GKX7

Heat shock
protein HSP 90alpha
HSP90AA1

-2.87

Inflammatory response, TGF-β
signaling

P01784

Ig heavy chain V
region GOM
IG

-2.98

Antigen binding and B cell receptor
signaling
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P31415

Calsequestrin-1

CASQ1

-3.00

Calcium ion binding and fast-twitch
skeletal muscle contraction regulation

P19006

Haptoglobin

HP

-4.18

Antioxidant and acute phase response
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Figure 16. A heatmap showing relative scaled abundance of muscle proteins that decreased in
response to translocation in two juvenile NES. Proteins were clustered by expression level
(euclidean distance). Relative expression is illustrated by gradients of orange (higher relative
abundance) and blue (lower relative abundance).
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Discussion
In this study, I used transcriptomic and proteomic approaches to identify changes in gene
expression and protein abundance across two metabolically active tissues - blubber and skeletal
muscle - in response to translocation in juvenile NES. This study was limited by a small sample
size and individual variability, which reduced the statistical power necessary to detect additional
differences in gene expression and protein abundance in blubber and muscle. While the muscle
transcriptome and blubber proteome were relatively stable over the experiment, I detected
changes in expression of over 60 annotated genes in blubber and changes in abundance of seven
proteins in muscle in response to translocation, which were related to regulation of energy
homeostasis, including redox, glucose and lipid metabolism.
Genes that were significantly upregulated in muscle in response to translocation were
associated with regulation of fatty acid (ADIRF, ADIPOQ) and mitochondrial (TFRC)
metabolism. Expression of adipokine, ADIPOQ, significantly increases in response to aerobic
exercise in humans and improves glucose uptake and fatty acid oxidation in skeletal muscle of
mice via activation of adenosine monophosphate-activated protein kinase (AMPK) and
peroxisome proliferator-activated receptor-α (PPAR-α) pathways (Yanai and Yoshida,
2019). Besides its role in adipocyte differentiation via induction of peroxisome proliferator
activated receptor gamma (PPARG), ADIRF is a novel regulator of fatty acid oxidation
(Eriksson et al., 2015). TFRC, a lipid sensor that mediates cellular uptake of iron, also regulates
the fusion of mitochondria via c-Jun N-terminal kinase (JNK) signaling (Senyilmaz et al., 2015),
which has been shown to support increased oxidative phosphorylation (Yao et al., 2019).
Together, these alterations in gene expression are suggestive of mechanisms underlying energy
provisioning to increase energy expenditure in skeletal muscle in swimming NES.
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Eight genes that were differentially expressed in blubber have known roles in regulating
fatty acid metabolism and lipid accumulation in other mammals, which included DLK1, PI16,
and ENPP6, which were upregulated, and NRIP3, MOGAT2, AGR2, DOCK6, and FABP9
which were downregulated in response to translocation. Overexpression of DLK1 in mouse
adipose tissue causes a metabolic shift in fuel utilization by promoting peripheral fatty acid
oxidation and preventing lipid storage (Charalambous et al., 2014). ENPP6 may also play a role
in lipid metabolism as it strictly hydrolyzes choline-containing lysophospholipids (Hu et al.,
2021; Morita et al., 2016). AGR2 knockdown in mice decreases the expression of genes and
proteins associated with fatty acid oxidation, including FABP1, and reduces serum lipid levels
and fat deposition (Wang et al., 2021). Knockout of MOGAT2, a protein involved in
triacylglycerol synthesis, in mice reduces fasting insulin levels and improves overall glucose
tolerance (Nelson and Yen, 2009). Collectively, these changes in gene expression may promote
fatty acid oxidation in blubber to supply energy to tissues in NES in response to exercise/diving.
Genes that were significantly upregulated in blubber in response to translocation were
associated with lipid transport (APOD, ABCA6, ABCA8, ABCA10, CD1E) and glucose
metabolism (SFRP4, OGN, PROKR2, IGFBP2), while those associated with lipid mobilization
(APLN, ADCY1, VGF) were significantly downregulated. Expression of APOD, ABCA6, and
ABCA10 genes and abundance of OGN (mimecan) protein increase in the blubber of NES in
response to repeated stress (Deyarmin et al., 2019; Deyarmin et al., 2019b). Mimecan increases
insulin secretion and promote insulin sensitivity in muscle of mice (Lee et al., 2018). ABCA8
has a novel role in cholesterol efflux, as it regulates high density lipoprotein levels in mice and
humans (Trigueros-Motos et al., 2017). CD1E is a lipid transport protein that reduces
inflammation and promote insulin sensitivity in adipose tissue (Huh et al., 2018). SFRP4 has a
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critical role in glucose and lipid metabolism as it upregulates genes and adipokines involved in
adipocyte growth and differentiation, including adiponectin (ADIPOQ), which increased in
muscle in response to translocation in this study, and an insulin-regulated glucose transporter
(GLUT4) in mice (Zhang et al., 2020). This further suggests that SFRP4 may have an insulinsensitizing effect in the blubber of NES. On the other hand, blubber expression of APLN, an
adipokine known to inhibit lipolysis and promote glucose uptake (Hu et al., 2021), was
significantly downregulated after translocation in this study but is downregulated during fasting
in weaned NES pups (Viscarra et al., 2012). Knockout of VGF, which is involved in regulating
energy homeostasis, in mice adipose tissue is associated with increased sympathetic nervous
system (SNS) activity and lipolysis (Fargali et al., 2012). IGFBP2, a leptin-regulated gene of
glucose and fatty acid homeostasis, improves glucose metabolism and insulin resistance in mice
(Hedbacker et al., 2010). Besides its thermoregulatory effects and role in energy metabolism,
PROKR2 is a potential adipokine that may suppress adipose tissue expansion (Magnan and
Migrenne-Li, 2021; Szatkowski et al., 2013). Together, this suggests that an increase in lipid
transport and oxidation and insulin sensitivity in blubber may be necessary to support the
energetic demands of diving/exercise in fasting-adapted NES.
Other differentially expressed genes in blubber were associated with regulatory
mechanisms involved in inflammatory and immune response. Of these genes, 11 were
upregulated (TREM2, CD209, CD72, P2RX1, PCSK6, ITGAX, CLEC4G, SFRP3, FI3A1,
CPXM2, VSIG4), while TNFRSF18, a pro-inflammatory gene, was downregulated in response
to translocation. In other studies, ITGAX is associated with metabolic inflammation in adipose
tissue (Schneeberger et al., 2015), P2RX1 is significantly upregulated in response to ischemiareperfusion injury in mice (Zhuang et al., 2021), and FI3A1 is linked to the pro-inflammatory
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response in human hypertrophic adipocytes (Kaartinen et al., 2020). While primarily considered
a novel regulator of adipogenesis, TREM2 also has a central role in the inflammatory response in
adipose tissue, as it strongly induces immune remodeling in response to tissue damage
(Deczkowska et al., 2020). CD72, a B-cell specific marker, has been shown to regulate adipose
tissue inflammation (Nishimura et al., 2013). High expression of CD209 and CLEC4G in other
studies is associated with T-cell proliferation as part of the primary immune response
(Fernández-Barroso et al., 2022; Tengvall et al., 2020). In this case VSIG4, a gene involved in
anti-inflammatory signaling that negatively regulates T-cell proliferation, may have been
upregulated to counteract the adverse effects of T-cell accumulation and additional proinflammatory markers (Li et al., 2017). In mice, SFRP3 is upregulated in response to myocardial
ischemia, but it displays protective effects against acute and chronic myocardial ischemia in mice
(Vatner et al., 2021). SFRP3 is also linked to the formation of immune cells and exercise
performance, as SFRP3 knockout reduced voluntary running endurance in mice (Guan et al.,
2021). Collectively, these results suggest regulatory mechanisms that may be involved in the
inflammatory response occurring in adipose tissue of NES, which routinely and frequently
experience hypoxia and ischemia and reperfusion events while diving.
I did not detect changes in blubber protein abundance over translocation. The lack of
protein abundance changes in blubber in response to translocation is consistent with work
showing that the blubber proteome was similarly stable over prolonged fasting in NES
(Khudyakov et al., 2022). Alternatively, missing protein abundance values (a common problem
with data-dependent acquisition during mass spectrometry, Liu and Dongre, 2021), and a
conservative statistical approach for identifying differentially abundant proteins may have
limited our capacity to identify true differences in protein abundance between sampling
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conditions. However, the abundance of seven proteins decreased in muscle, which were
predominantly associated with Ca2+ and skeletal muscle excitation-contraction coupling
regulation (TNNT1, CASQ1), antioxidant function (HP), transforming growth factor beta (TGFβ) signaling pathway (HSP90AA1), and B cell receptor signaling pathway (IG). HSP90AA is a
ubiquitously expressed protein, which has been characterized for its role in regulating TGF-β, a
pleiotropic cytokine that regulates the immune response (Bazile et al., 2020). Consistent with
our findings, TNNT1, the slow-twitch skeletal muscle subunit of the troponin complex (Wei and
Jin, 2016), is downregulated in human skeletal muscle after exercise under hypoxic conditions
(Gnimassou et al., 2018), as well as in rat skeletal muscle post-swimming exercise (Kanda et al.,
2014). Abundance of CASQ1, a sarcoplasmic reticulum (SR) Ca2+ binding protein and key
regulator of skeletal muscle excitation-contraction coupling, also decreases in mice after
prolonged-exercise and may suggest regulatory mechanisms underlie post-exercise fatigue
(Alfaro et al., 2020). Specifically, impaired Ca2+ secretion may occur in response to muscle
fatigue over extensive exercise due to glycogen store depletion (Ørtenblad et al., 2011).
Haptoglobin (HP) abundance also decreases in rats during exercise under hypoxic conditions,
suggesting potential hemolysis (Macarlupu et al., 2021). While exercise-induced hemolysis
seems unlikely in a hypoxia-adapted mammal, a decrease in abundance of HP, an antioxidant, in
response to swimming and diving in NES may be compensated by other cytoprotective
mechanisms of hypoxia tolerance (e.g., high baseline heme oxygenase (HO) gene expression), as
shown in our previous work described in Chapter 1. Alternatively, HP expression has been
inversely correlated with insulin sensitivity in human white adipose tissue (WAT) (Maffei et al.,
2016). Therefore, a decrease in HP abundance in muscle may also provide an insulin-sensitizing
effect in response to swimming in NES (Lisi et al., 2011; Maffei et al., 2016). Together, the
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alterations in protein abundance, along with the differences in gene expression in muscle and
blubber, reflect regulatory mechanisms of energy utilization in muscle that may be necessary for
meeting bioenergetic demands of diving/exercise in NES.
To our knowledge, this is the first time that various omics approaches have been used to
evaluate the effects of exercise across two metabolically active tissues (blubber and skeletal
muscle) in NES. Together, I identified over 60 differentially expressed genes in blubber and 3
differentially expressed genes and 5 differentially abundant proteins in muscle of translocated
seals, many of which have not been previously described in NES. These changes in transcript
and protein abundance provide preliminary information on the molecular mechanisms regulating
energy utilization in muscle in response to diving/exercise in NES. Specifically, an increase in
insulin sensitivity may promote muscle glucose uptake during exercise, and an increase in lipid
transport and oxidation may help maintain lipid-based metabolism to regulate fuel provisioning
under hypoxic conditions. Further work will be necessary to unravel the role of fuel
provisioning in energy-utilizing tissues during breath-holds in diving mammals.
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS

This is the first study to provide a molecular understanding of the ontogenetic processes
that enable elephant seal pups to transition to a deep-diving lifestyle, which are likely coupled
with additional physiological mechanisms that enhance diving performance and exercise abilities
through adulthood. Our study utilized system-wide analyses to identify potential regulatory
mechanisms activated during postnatal development and in response to swimming and diving in
juveniles. Together, our data provide insights into gene activity in muscle, blubber, and blood
cells that may provide hypoxia tolerance and regulate energy homeostasis and exercise
performance during breath holds in diving mammals.
I found that expression of genes associated with mitochondrial biogenesis, immune
system activation, and protection from lipid peroxidation increased over postnatal development
in muscle and whole blood of NES, providing a potential ontogenic mechanism for increasing
diving capacity and hypoxia and ischemia-reperfusion tolerance. I also found that expression of
genes and proteins associated with insulin sensitivity and lipid transport, catabolism, and
oxidation increased in response to translocation (i.e., swimming and diving) in juvenile NES,
suggesting mechanisms for fuel provisioning to muscle during exercise in hypoxic conditions.
Findings from this study provide a new mechanistic understanding of hypoxia and exercise
tolerance that can be explored further at the molecular level to understand how organisms are
able to tolerate extreme environments. To complement the system-wide analyses from this
study, future studies could include the validation of differentially expressed genes and abundant
proteins known to be involved in hypoxia signaling and lipid metabolism using targeted and nontargeted assays (lipidomics and metabolomics). Other future work could implement functional
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studies, such as in vitro manipulations of targeted genes and proteins, as well as their activity, to
determine the relationship between hypoxia and lipid handling signaling pathways and related
cytoprotective factors in diving mammals. Ultimately, such data can be used to determine
whether behavioral response to anthropogenic stress have adverse physiological effects/costs.
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